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ABSTRACT

The Rio Chico Group in the San Jorge
Basin of central Patagonia (Argentina) pre-
serves some of South America’s most signifi-
cant Paleogene records of biotic and climatic
change. Three of its constituent formations,
the Peinias Coloradas, Las Flores, and Koluel-
Kaike, host vertebrate faunas referred to the
“Carodnia faunal zone,” the Itaboraian South
American Land Mammal Age (SALMA),
and the Riochican SALMA. However, the
precise absolute ages of these units, and thus
their associated faunas and paleoclimate rec-
ords, are poorly resolved. Herein, we report
new paleomagnetic and geochronologic re-
sults from these formations in south-central
Chubut Province, Argentina. U-Pb dating of
four volcanic ashes, using both laser ablation—
multicollector-inductively coupled plasma—
mass spectrometry and high-resolution
chemical abrasion-isotope dilution—thermal
ionization mass spectrometry, indicates ages
of igneous crystallization of 51.403 + 0.037
(0.045) [0.071] Ma for a level within the
middle Las Flores Formation and 46.714 +
0.012 (0.026) [0.057] Ma, 44.579 = 0.013
(0.026) [0.054] Ma, and 42.856 + 0.017 (0.027)
[0.054] Ma for levels in the lower, middle, and
upper Koluel-Kaike Formation, respectively.
Combining these with previous isotopic ages
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in our new magnetostratigraphic framework,
we correlate the Pefias Coloradas Formation
to chrons C27n-26r (ca. 62.5 to ca. 61.6 Ma;
late Danian) and the section from the middle
Las Flores to the uppermost Koluel-Kaike to
chrons C23n to C19r (ca. 51.4-42.2 Ma; mid
Ypresian-late Lutetian). We combine these
data with other recently published chrono-
stratigraphic results from Paleogene units
in Patagonia to better constrain the ages of
noteworthy Paleogene plant and mammal
fossil sites in Patagonia and to develop a re-
vised temporal calibration of the Las Flores,
Vacan, and “Sapoan” faunas.

INTRODUCTION

Paleogene continental sequences from the
San Jorge Basin, central Patagonia, Argentina,
are globally significant due to their extraor-
dinary preservation of South American fossil
faunas (e.g., Simpson, 1935a, 1935b, 1948;
Cifelli, 1985; Pascual and Ortiz-Jaureguizar,
1990; Bonaparte et al., 1993; Bond et al., 1995;
Flynn and Swisher, 1995; Ortiz-Jaureguizar
and Cladera, 2006; Gelfo et al., 2009; Madden
et al., 2010; Woodburne et al., 2014a, 2014b)
and floras (Berry, 1937; Romero, 1968; Arch-
angelsky, 1973, 1976; Petriella and Archangel-
sky, 1975; Archangelsky and Zamaloa, 1986;
Zamaloa and Andreis, 1995; Brea et al., 2005,
2007, 2008, 2011; Iglesias et al., 2007; Zucol
et al., 2010). These sequences also provide

records of regional biotic responses to global
climatic events (e.g., Raigemborn et al., 2009,
2014; Bellosi and Gonzalez, 2010; Krause et al.,
2010; Dunn et al., 2015; Kohn et al., 2015;
Selkin et al., 2015).

Currently, the chronostratigraphy for central
Patagonia is well constrained for both early
Paleocene (Clyde et al., 2014; Comer et al.,
2015) and middle-late Paleogene (R€ et al.,
2010a, 2010b; Dunn et al., 2013) sequences.
However, the middle Paleocene—middle Eocene
interval, encompassing the Las Flores and
Koluel-Kaike Formations, is still poorly re-
solved (see also Woodburne et al., 2014b). Prior
age constraints on these units came mostly from
the underlying and overlying formations. Re-
cent magnetostratigraphic and geochronological
results from the underlying Salamanca—Pefias
Coloradas sequences from the Sarmiento area
constrain the age of the Salamanca Formation to
ca. 65.7-63.5 Ma (early-middle Danian; chrons
C29n and C28n, where the time scale of Grad-
stein et al. [2012] is used throughout this paper)
and the Pefias Coloradas Formation to ca. 62.5—
61.6 Ma (latest Danian; Chrons C27n-bottom
C26r; Clyde et al., 2014; Comer et al., 2015).

The base of the Sarmiento Formation, which
overlies the Koluel-Kaike Formation, is well
constrained at the Gran Barranca locality (Gran
Barranca Member) to 42.11-41.70 Ma (latest
Lutetian, base of chron C19r) based on mag-
netostratigraphic and radioisotopic geochrono-
logic data from the area (Ré et al., 2010a, 2010b;
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Dunn et al., 2013, and references cited therein).
Two radioisotopic dates were also recently re-
ported from the Las Flores Formation, which
underlies the Koluel-Kaike Formation. One is a
“OAr/Ar date of 49.512 + 0.019 Ma on alkaline
feldspars from a tuff in the lower portion of the
formation, 20 m above the beds bearing the Las
Flores fauna (Woodburne et al., 2014b). The
other is a maximum age of sedimentation inter-
preted from laser ablation—inductively coupled
plasma—mass spectrometry (LA-ICP-MS) U-Pb
analyses of detrital zircons, which constrained
the bed bearing the Las Flores fauna to be no
older than ca. 47 = 1 Ma (Kohn et al., 2015).
These conflicting ages confound chronostrati-
graphic interpretation of the Las Flores Forma-
tion in this area.

In this study, we constrain the ages of the
Pefias Coloradas, Las Flores, and Koluel-Kaike
Formations using new radioisotopic and paleo-
magnetic data in the Las Flores area, which lies
at the eastern extreme of the Gran Barranca in
south-central Chubut Province, Patagonia,
Argentina (Figs. 1A—C; Table 1). Our goals are to
develop a well-defined stratigraphic framework
for the San Jorge Basin, so as to better constrain
the ages of some of the most significant records
of Paleogene biotas in South America, and to
establish a chronostratigraphic framework for
improved interpretation of the important early
Paleogene global climatic events recorded in
South America. Improved chronostratigraphic
data allow more precise correlation to other
significant fossiliferous strata from Patagonia
(Fig. 1C), such as those containing the Laguna
del Hunco and Rio Pichileufu floras (Wilf et al.,
2003, 2005) and the “Sapoan” fauna (Gosses
et al., 2006; Tejedor et al., 2009), and they can
provide a powerful tool with which to correlate
Paleogene South American Land Mammal Ages
(SALMAs) represented within the Rio Chico
Group to land mammal biochronological zona-
tions on other continents (e.g., North America
and Asia; Woodburne, 2004; Ting et al., 2011).

GEOLOGICAL SETTING

The units representing the middle Paleocene—
middle Eocene interval in the San Jorge Basin
are the Pefias Coloradas, Las Violetas, Las
Flores, and Koluel-Kaike Formations (Rio Chico
Group sensu Raigemborn et al., 2010), and the
recently defined Cafiadén Vaca Member, which
represents the lowermost part of the Sarmiento
Formation (Bellosi and Krause, 2014; Fig. 2).
We focus on the Las Flores and Koluel-Kaike
Formations, which together constitute the here-
tofore poorly dated Middle-Upper Rio Chico
Group, a continental succession composed of
fluvial, lacustrine, and eolian facies (Feruglio,
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1949; Legarreta and Uliana, 1994; Krause et al.,
2010; Raigemborn et al., 2010; Comer et al.,
2015). Our study site, Las Flores, is located on
the eastern margin of the San Bernardo fold belt
in the San Jorge Basin, southern Argentina (Fig.
1A~-1C), at the eastern extreme of the fossilifer-
ous Gran Barranca escarpment (Fig. 1C). An ad-
ditional locality, Cerro Blanco (Fig. 1C), 26 km
SW of Las Flores, also was included in order
to sample a volcanic tuff from the middle Las
Flores Formation for isotopic dating.

Under the Las Flores Formation sits the Pefias
Coloradas Formation, a fluvial unit up to 42 m
in thickness (e.g., at Estancia la Rosa; Raigem-
born et al., 2010) but typically less than 30 m
thick (Krause, 2010). The rocks composing
the Pefias Coloradas Formation are mainly
medium-dark reddish, cross-bedded sandstones,
related to sinuous channel filling, and subordi-
nate mudstones and tuffs deposited in floodplain
settings (e.g., Raigemborn et al., 2009, 2010;
Comer et al., 2015). According to Bond et al.
(1995) and Woodburne et al. (2014a, 2014b),
among others, the Peflas Coloradas Formation
contains vertebrate remains from the “Carodnia
faunal zone,” originally described by Simpson
(1935a, 1935b) from Bajo Palangana and Cerro
Redondo (Fig. 1B); however, this fauna is prob-
ably contained within the Las Flores Formation
(see Discussion). Fossil wood has also been de-
scribed from the Pefias Coloradas Formation in
the area around the town of Sarmiento and at
Punta Peligro along the coast (Brea et al., 2004;
Brea and Zucol, 2006; Raigemborn et al., 2009).

The Las Flores Formation, a unit up to 50—
52 m in thickness in the Gran Barranca area,
is primarily composed of grayish green mud-
stones, with subordinate epiclastic and volcani-
clastic sandstones. Toward the coast (e.g., Punta
Peligro; Fig. 1B), the Las Flores Formation be-
comes sandier (e.g., Pico Salamanca area, close
to Bajo Palangana; Fig. 1B; Krause and Piiia,
2012) and thicker, with sections of more than
100 m thickness (Krause, 2010). Similar sandy
and muddy facies in sections with thicknesses of
~140 m, including both the Pefias Coloradas and
Las Flores Formations (= Riochiquense sensu
Feruglio, 1949), were recorded in the Punta
Peligro area by Feruglio (1949). Sedimentary
facies of the Las Flores Formation have been
interpreted to have been deposited in lacustrine
and fluvial floodplain and channel environments
(e.g., Raigemborn et al., 2009, 2010; Krause and
Pifia, 2012). The muddy facies contain evidence
of pedogenic processes, such as mottles and
rhizoliths. Fossils in the study area include verte-
brate remains that are attributed to the Itaboraian
SALMA (Bond et al., 1995; Goin et al., 2009;
Woodburne et al., 2014b) and phytolith remains
(Brea et al., 2008; Raigemborn et al., 2009).
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Crocodilian coprolites were also described from
the Las Flores Formation in the coastal area
of Pico Salamanca, 4-5 km to the east of Bajo
Palangana (Krause and Pifia, 2012).

The Koluel-Kaike Formation, in the
past known as the Argiles Fissilaires facies
(Ameghino, 1906; McCartney, 1934) or “Tobas
de Koluel-Kaike” (Feruglio, 1949), is mainly
composed of pyroclastic sediments in the form
of fine tuffs and bentonites (Krause et al., 2010;
Raigemborn et al., 2010). Conspicuous lenticu-
lar bodies with manganese nodules are pres-
ent at the base, recording shallow pond facies
(Krause et al., 2010). Strongly developed red-
dish paleosols with a moderate to high degree of
silicification are frequent throughout the section
(Krause et al., 2010). At Las Flores, the Koluel-
Kaike Formation exhibits gradational contacts
with both the underlying Las Flores Formation
and the overlying Sarmiento Formation (Bellosi
and Madden, 2005; Krause et al., 2010, their
figs. 3A and 3B).

Fossils are scarce in the Koluel-Kaike For-
mation, but silicified wood (Brea et al., 2009)
and cicada trace fossils (Krause et al., 2008)
have been recorded. Mammalian remains have
never been found in the Koluel-Kaike Forma-
tion itself (e.g., Simpson, 1933a). However,
siliciclastic rocks exposed along the Atlantic
coast, correlated with the Koluel-Kaike Forma-
tion by Legarreta and Uliana (1994), contain
mammal fossils from the Ernestokokenia faunal
zone (= Riochican SALMA; Bond et al., 1995).
We note that the association frequently made in
the literature of the Ernestokokenia faunal zone
and Riochican SALMA with the Koluel-Kaike
Formation (Legarreta et al., 1990; Legarreta and
Uliana, 1994; Bond et al., 1995; Woodburne
et al., 2014a) is somewhat misleading because
no rocks assignable to the Koluel-Kaike For-
mation (e.g., silicified and pedogenized tuffs)
are actually found along the coast where the
relevant fossil sites are located. In the coastal
area where the Ernestokokenia faunal zone fos-
sils were recovered, the upper Rio Chico Group
is composed of sandstones and mudstones that
are lithostratigraphically assignable to the Pefias
Coloradas and Las Flores Formations (Krause
et al., 2010; Raigemborn et al., 2010; Krause
and Pina, 2012), with the Ernestokokenia faunal
zone restricted to beds from the Las Flores For-
mation in this area.

METHODS
Sedimentary Sections and Sampling
To stratigraphically locate the samples taken

for isotope geochronology and paleomagnetic
analyses, a new composite section spanning the
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Figure 1. Maps showing location of study area and key localities referenced in text. (A) Regional setting in Argentina. The black
area encompasses map in B. The white asterisk displays the position of the study area detailed in C. (B) Map of central Patagonia
showing the studied localities Cerro Blanco and Las Flores (box) and other mammal and plant fossil sites in the region. (C) Detailed
map of the studied localities.
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TABLE 1. GEOGRAPHIC AND STRATIGRAPHIC POSITION OF ISOTOPICALLY DATED TUFF BEDS IN THIS STUDY

GPS Lat GPS Long
Sample Method (°S) (°wW) Section Formation Stratigraphic position
12CB01 U-Pb LA-MC-ICP-MS and CA-ID-TIMS 45.8045561 68.9404892 Cerro Blanco Middle Las Flores ~34 m above base of LFF
12LFKKO1 U-Pb LA-MC-ICP-MS and CA-ID-TIMS 457216162 68.6184061 Las Flores Lower Koluel-Kaike 1 m above base of KKF
12LFKKO03 U-Pb LA-MC-ICP-MS and CA-ID-TIMS 45.7223619 68.6189694 Las Flores Middle Koluel-Kaike 23.5 m above base of KKF
12LFKKO05 U-Pb LA-MC-ICP-MS and CA-ID-TIMS 45.7179492 68.6291973 Las Flores Upper Koluel-Kaike 42.5 m above base of KKF

Note: GPS—global positioning system; LA-MC-ICP-MS—laser ablation—multicollector—inductively coupled plasma—mass spectrometry; CA-ID-TIMS—chemical abrasion—
isotope dilution—thermal ionization mass spectrometry; LFF—Las Flores Formation; KKF—Koluel-Kaike Formation. GPS coordinates are relative to World Geodetic System

1984 (WGS84) datum.

Upper Peias Coloradas, Las Flores, and Koluel-
Kaike Formations was defined. The uppermost
Pefias Coloradas Formation (7 m thick) and
the base of the Las Flores Formation (lenticu-
lar bed, 5-7 m thick) were logged in an outcrop
~1.5-2 km to the north of the Las Flores local-
ity, herein referred to as La Campanita (Fig. 1C)
due to its proximity to the La Campanita ranch.
The rest of the Las Flores Formation (45 m
thick) was measured at the Las Flores locality.
For the Koluel-Kaike Formation, the 57-m-thick
section of Krause et al. (2010) at Las Flores was
used. In total, the composite Pefias Coloradas,
Las Flores, and Koluel-Kaike stratigraphic
section presented here is 115 m thick (Fig. 3),
determined using a Jacob’s staff and global
positioning system (GPS). Field data were rep-
resented in descriptive logs, recording lithology,
mean grain size, sedimentary structures, and
pedogenic features. Pedogenic horizons were
identified based on macroscopic identification
of changes in structure, mottling, nodules, and
colors (Krause et al., 2010).

Isotope Geochronology

One sample from a tuff within the middle Las
Flores Formation at Cerro Blanco (12CBO01),
and three samples from tuff layers within the
lower, middle, and upper Koluel-Kaike Forma-
tion at Las Flores (12LFKKO1, 12LFKKO3,
12LFKKO0S5; Table 1) were processed for zir-
con U-Pb geochronology (Figs. 1C and 3-6;
Table 1; Tables DR1 and DR2!). Zircons were
separated using standard gravimetric and mag-
netic techniques, handpicked under a binocular
microscope, mounted in epoxy resin, and im-
aged by cathodoluminescence using a secondary
electron microscope (SEM-CL) prior to isotopic
analysis. Zircons were first analyzed by multi-
collector (MC) LA-ICP-MS (Fig. 5; Table DR1
[see footnote 1]) to identify crystals that would
produce dates that could be interpreted as rep-

!GSA Data Repository item 2017078, Tables
DR1-DR3, Figures DR1-DR3, statement of clarifi-
cation regarding the boundary between the Koluel-
Kaike Formation and the Gran Barranca Member of
the Sarmiento Formation at the Las Flores section, is
available at http://www.geosociety.org/datarepository
/2017 or by request to editing @ geosociety.org.

resenting the eruption age of the tuffs and to re-
solve any possible older inherited components.
Based on the LA-MC-ICP-MS spot analyses and
morphological criteria, 27 grains from the four
tuffs were selected for subsequent high-precision
chemical abrasion—isotope dilution—thermal ion-
ization mass spectrometry (CA-ID-TIMS) dat-
ing (Fig. 6; Table DR2 [see footnote 1]). Criteria
for selection were: (1) crystals with estimated
moderate U concentrations, in order to reduce
the likelihood of processing highly damaged
grains that would be mostly corroded during the
leaching step; (2) only crystals pertaining to
the interpreted young clusters (see Results sec-
tion for details); and (3) euhedral crystals with
large aspect ratios, in order to minimize the like-
lihood of analyzing zircons that had undergone
sedimentary transport.

U-Pb LA-MC-ICP-MS Analyses

Isotopic measurements were conducted using
a Photon Machines Analyte G2 Excimer abla-
tion system coupled to a Nu Instruments HR-
MC-ICP-MS at the Arizona LaserChron Center,
University of Arizona, following the method-
ologies described by Cecil et al. (2011). We
utilized a laser-beam diameter of 30 um, firing
at a repetition rate of 7 Hz for 15 s with an en-
ergy fluence of ~6.2 J/cm? at the sample surface.
All isotopes were simultaneously measured in
static mode, with masses 238, 232, 208, 207,
and 206 monitored in Faraday detectors, while
204 and 202 were measured using ion-multi-
pliers in order to allow reliable common-Pb and
Hg interference corrections. Interelement and
mass-dependent fractionation corrections, as
well as U-Th concentration estimations, were
calculated by calibration with respect to an in-
house Sri Lanka zircon reference crystal with an
ID-TIMS age of 563.5 + 3.2 Ma (Gehrels et al.,
2008). Common-Pb corrections were applied by
using the Hg-corrected 2*Pb intensities of each
individual spot, assuming an initial Pb composi-
tion following the model of Stacey and Kramers
(1975). Systematic uncertainties for the calcu-
lated U-Pb ratios were derived from the repro-
ducibility of measurements made on the Sri
Lanka crystal. Final ages and uncertainties were
calculated using the Isoplot Excel® macro of
Ludwig (2003), and quoted errors for the age
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calculations are presented as + X [Y], where X
refers to the analytical uncertainty only, and Y
represents the analytical and systematic uncer-
tainties combined. Zircons from the Palacio de
los Loros (PL-1) tuff, with a CA-TIMS age of
61.984 + 0.041 Ma (mean square of weighted
deviates [MSWD] = 0.75; Clyde et al., 2014),
were analyzed as secondary reference crystals
during the same analytical session. Twelve mea-
surements conducted on four different PL-1
crystals resulted in a 2*Pb/>¥U weighted mean
date of 62.6 + 1.4 Ma (MSWD = 0.74), indi-
cating that the accuracy of the LA-ICP-MS age
estimates lies within the quoted uncertainties.
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Figure 2. Updated stratigraphic chart for the
study area and proposed stratigraphic rela-
tionships to Cafiadén Vaca Member (lower
Sarmiento Formation). Dashed lines—tran-
sitional contact; wavy lines—erosive con-
tacts. The general scheme is a modification
of that in Krause and Pifia (2012). The tops
of the Salamanca and Peias Coloradas For-
mations are based on Clyde et al. (2014). The
base of the Gran Barranca Member is based
on Dunn et al. (2013). Stage abbreviations:
D—Danian; S—Selandian; T—Thanetian;
Y—Ypresian; L—Lutetian; B—Bartonian.
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Figure 3. Chronostratigraphic information for the composite Las Flores—Koluel-Kaike section, including the Las Flores, Cerro Blanco,
and La Campanita localities. (Left side) Lithostratigraphy. PCF—Peiias Coloradas Formation; LFF—Las Flores Formation; KKF—
Koluel-Kaike Formation; SF (GBM)—Sarmiento Formation (Gran Barranca Member). Sample numbers represent paleomagnetic
sample sites (e.g., LF1201, etc.) and U/Pb dated volcanic tuffs (e.g., 12LFKK1, etc.). (Center) Magnetostratigraphy of the Las Flores
section. VGP lat—virtual geomagnetic pole latitude; black is interpreted to be normal polarity, white is reverse polarity, and gray is
uncertain polarity. (Right side) Geomagnetic polarity time scale (GPTS; Vandenberghe et al., 2012). Approximate stratigraphic posi-
tion of the Las Flores fauna is shown based on the correlation shown in Woodburne et al. (2014b). (*) Maximum age for the Gran
Barranca Member (lower Sarmiento Formation) estimated by Dunn et al. (2013), based on U/Pb dates and paleomagnetic correlation.
This age more or less agrees with the previous “Ar/*Ar mean date of 41.7 + 0.38 Ma (VRS tuff sample) provided by Ré et al. (2010a).
(*%) Stratigraphic position of the geochronologic sample 12CB01 within the Las Flores section, after correlation of the orange-reddish
mudstones. (***) Minimum age for the Peiias Coloradas Formation, determined by Clyde et al. (2014) based on U/Pb dates and paleo-
magnetic correlation. For additional geochronologic and paleomagnetostratigraphic data, see Tables DR1-DR3 (see text footnote 1).
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Figure 4. Selected outcrops. (A) Las Flores and Koluel-Kaike Formations at the west Las Flores locality. Note prominent orange and
red marker beds within the generally homogeneous, greenish Las Flores exposures. Thickness between orange and red beds is 9 m.
(B) The Las Flores Formation at Cerro Blanco (south-facing), where the orange and red marker beds (in background) bracket the
white tuff (sample 12CB01). The pumpjack (encircled) height is ~10 m (see also Fig. 6A; Table 1; Table DR2 [see text footnote 1]).
(C) Basal channel scour of the Las Flores Formation at La Campanita (east-facing). The contact with the reddish sandstone of the
underlying Peiias Coloradas Formation is clearly unconformable and erosive. People (at bottom left) are ~1.70 m height. (D) The
Las Flores Formation in erosive contact with the underlying Pefias Coloradas Formation at Cafiadén Vaca area (exposure facing
to southeast). The depth of the scour at base of the white bed is 1.6 m. (E-G) Sample localities in the Koluel-Kaike Formation for
tuff samples 12LFKKO01 (E), 12LFKKO03 (F), and 12LFKKO05 (G) (see also Figs. 6B—6D; Table 1). The black arrow in E indicates a
Jacob’s staff (1.6 m height). The circle in F encloses a hammer (0.33 m long). The sampled, white bed in G is 0.9 m thick. (H) Small
fold in Koluel-Kaike Formation (south-facing) where paleomagnetic fold test was applied. Dots display sites for the paleomagnetic
fold test (see also Fig. DR1 [see text footnote 1]). The person standing to the right of the right dot is 1.8 m height.
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Figure 5. U-Pb concordia diagrams from laser ablation-multicollector-inductively coupled plasma-mass spectrometry (LA-MC-ICP-MS)
analytical results for the tuffs analyzed in the Las Flores and Koluel-Kaike Formations: (A) middle Las Flores Formation; (B) lower Koluel-
Kaike Formation; (C) middle Koluel-Kaike Formation; (D) upper Koluel-Kaike Formation. See text, Table 1, and Table DR1 for details (see
text footnote 1). MSWD—mean square of weighted deviates.

U-Pb CA-ID-TIMS Analyses

The 27 selected zircons were subjected to
a modified version of the chemical abrasion
method of Mattinson (2005). Zircon crystals
selected on the basis of LA-MC-ICP-MS spot
analyses were plucked from the epoxy mount,
annealed in quartz crucibles in a muffle fur-
nace at 900 °C for 60 h, chemically abraded
using a single abrasion step in concentrated HF
at 180 °C for 12 h, and processed for CA-ID-
TIMS using the EARTHTIME 2%Pb-3U->5U
mixed tracer (Condon et al., 2015). Further de-
tails of ID-TIMS analysis have been described
by Davydov et al. (2010) and Schmitz and
Davydov (2012).

U-Pb dates and uncertainties were calculated
using the algorithms of Schmitz and Schoene
(2007), and the U decay constants of Jaffey et al.
(1971). The 2*Pb/>*¥U ratios and dates were
corrected for initial 2°Th disequilibrium using
a Th/U,, 0 Of 3% = 10%. All common Pb in
analyses was attributed to laboratory blank and
subtracted based on the measured laboratory
Pb isotopic composition and associated uncer-
tainty. U blanks were <0.1 pg.

The weighted mean radioisotopic date error
includes analytical uncertainties based on
counting statistics, mass fractionation correc-
tion, spike and blank subtraction, and *'Th
disequilibrium correction, and it is appropriate
to compare to other **Pb/>¥U dates obtained
with spikes cross-calibrated with the EARTH-
TIME gravimetric standards. When comparing
our dates with those derived from other decay
schemes (e.g., YAr/*Ar, '¥Re-'¥"0s), the uncer-
tainties in tracer calibration (£<0.03%; McLean
et al., 2015) and U decay constants (+0.108%;
Jaffey et al., 1971) should be added to the in-
ternal error in quadrature. Quoted errors for in-
dividual analyses are thus of the form + X (Y)
[Z], where X is solely analytical uncertainty, Y is
the combined analytical and tracer uncertainty,
and Z is the combined analytical, tracer, and U
decay constant uncertainty.

Paleomagnetism
In total, 171 paleomagnetic samples from

40 sites within the 115-m-thick composite sec-
tion were collected (Fig. 3; Table DR3 [see
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footnote 1]). Paleomagnetic samples were col-
lected at ~5 m intervals, although the spacing
varied based on the availability of appropriate
fine-grained facies. Oriented hand samples were
taken from the Pefias Coloradas and Las Flores
Formations, whereas a rock drill was used for
the majority of sampling within the Koluel-
Kaike Formation. All paleomagnetic and rock
magnetic measurements were performed at the
University of New Hampshire Paleomagnetism
Laboratory. Magnetic susceptibility measure-
ments were conducted using a Bartington MS2
Susceptibility System and MULTISUS software
for data collection. Samples were mass normal-
ized and measured at both a low-frequency set-
ting of 0.465 kHz and high-frequency setting of
4.65 kHz. Three measurements were taken for
each sample and averaged for a final value, with
three samples typically measured from each
site. Isothermal remanent magnetization (IRM)
experiments were performed on a subset of rep-
resentative samples that included two samples
from the Las Flores Formation and two from the
Koluel-Kaike Formation. Acquisition of IRM
was achieved using an ASC IM10 impulse mag-
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Figure 6. U-Pb concordia diagrams from chemical abrasion—isotope dilution—thermal ionization mass spectrometry (CA-ID-TIMS) analyti-
cal results for the tuffs analyzed in the Las Flores and Koluel-Kaike Formations: (A) middle Las Flores Formation; (B) lower Koluel-Kaike
Formation; (C) middle Koluel-Kaike Formation; (D) upper Koluel-Kaike Formation. See text, Table 1, and Table DR2 for details (see text
footnote 1). MSWD—mean square of weighted deviates.

net with a peak field strength of 1.1 T followed
by thermal demagnetization of three orthogonal
IRMs (Lowrie, 1990) of 1.1 T (x-axis), 0.4 T
(y-axis), and 0.12 (z-axis) by an ASC Model
TD48-SC thermal demagnetizer. Measurements
of IRM intensities during progressive demag-
netization were made using a HSM 2 SQUID-
based spinner magnetometer.

Characteristic remanent magnetization
(ChRM) directions were determined for three
samples from each site. Remanent directions
were measured using a 2G 755 4K Supercon-
ducting Rock Magnetometer with the CryoMag
software package for data collection (Wack,
2010). Step-wise thermal demagnetization was
performed on samples from both the Pefias
Coloradas and Koluel-Kaike Formations using
an ASC Model TD48-SC thermal demagnetizer.
Alternating field (AF) demagnetization using
a MOLSPIN AF demagnetizer was chosen for
samples from the Las Flores Formation. Puffin-
Plot was used for applying principal component
analysis to calculate remanent directions of

samples and for calculation of Fisher site sta-
tistics (Lurcock and Wilson, 2012). The Watson
(1956) test for randomness was used to identify
sites with significant clustering of sample direc-
tions. Site mean ChRM directions and virtual
geomagnetic poles (VGPs) were then calculated
and used for polarity interpretations. Although
the strata in the field area are subhorizontal, we
sampled one localized fold to perform a fold
test (sites LF12039 and LF12040; Fig. 4H;
Fig. DR1 [see footnote 1]). The reversal test of
Tauxe et al. (2016) was also applied to deter-
mine whether the ChRM site mean directions
were antipodal.

Chronological Correlation Among
Paleogene Beds in Argentine Patagonia

The new magnetostratigraphic and geo-
chronological data reported here were com-
bined with previous published data to correlate
the Rio Chico Group sequences at Las Flores
to the Geomagnetic Polarity Time Scale (GPTS;
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Gradstein et al., 2012). The temporal correla-
tion among fossiliferous units from the Paleo-
gene of Argentine Patagonia was established on
the basis of the U-Pb dates reported here and
radioisotopic dates previously reported from
the Salamanca and Pefias Coloradas Forma-
tions (Clyde et al., 2014), the lower Sarmiento
Formation (R€ et al., 2010a, 2010b; Stromberg
etal., 2013; Dunn et al., 2013, 2015), and the La
Huitrera Formation (Mazzoni et al., 1991; Wilf
et al., 2003, 2005, 2010; Gosses et al., 20006).
We also considered the La Meseta Formation
(Cucullaea I Allomember) from the Antarctic
Peninsula (Montes et al., 2012, 2013), which
includes faunas considered to be similar to the
“Sapoan” fauna (e.g., Tejedor et al., 2009; Goin
et al., 2012; Woodburne et al., 2014a). Regard-
ing the geochronologic data from the La Huitrera
Formation, it is important to note that the age
for the “Sapoan” fauna cited by Tejedor et al.
(2009) was based on preliminary data reported
by Gosses et al. (2006) and Gosses (2006) that
have not been subsequently vetted or revised.
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For the geochronological data from the Laguna
del Hunco, Rio Pichileuft, and Pampa de Jones
sites, we used “’Ar/*Ar dates that are slightly
older than those reported by Wilf et al. (2003,
2005, 2010) because they were recalculated
using updated geochronologic standards by
M. Smith (2011, personal commun. to P. Wilf)
as detailed by Wilf (2012). Such recalculation
relative to the astrochronologically calibrated,
revised 28.01 Ma age for the Fish Canyon tuff
sanidine provides a more accurate date, reduc-
ing the method’s absolute uncertainty to 0.25%,
i.e., noticeably smaller than the uncertainty of
~2.5% attached to previous astronomical cali-
bration methods (Kuiper et al., 2008).

RESULTS
Sedimentology of the Las Flores Formation

A typical badland landscape characterizes
the exposures of the Las Flores Formation in
the Las Flores and Cerro Blanco areas (Figs.
4A-4B). The monotony of the greenish bad-
lands is interrupted in the middle-upper section
by two orange- and reddish-colored marker
beds that are easily recognizable and region-
ally distributed (Figs. 4A-4B). The Las Flores
tuff sample 12CBO01 is white in color and was
collected in the Cerro Blanco area between the
orange and red beds, 18 m below the contact
with the Koluel-Kaike Formation (Figs. 3 and
4B). At the Las Flores Formation type locality,
this white tuff is absent, but the orange-reddish
mudstones are present, allowing lithostrati-
graphic correlation of tuff sample 12CBO01 to
the Las Flores Formation type section. The
muddy facies exposed as badlands constitute
the middle-upper section of the Las Flores
Formation at Las Flores and Cerro Blanco, but
more sandy facies are recognized to the east, for
instance, in the coastal area (e.g., Krause and
Pifia, 2012). Las Flores Formation facies cor-
respond to distal floodplain deposits (massive
mudstones) and sinuous channels (sandstone,
tuffs, and tuffaceous sandstones; e.g., Krause
and Pifia, 2012). At the Las Flores locality, the
muddy facies from the middle-upper Las Flores
Formation contain frequent rhizoliths, pedo-
genic blocky structure, and well-developed
slickensides, indicating subaerial exposure
and pedogenesis. The base of the Las Flores
Formation is not exposed at Las Flores, but it
can be recognized at La Campanita (Fig. 1C).
There, the contact is undoubtedly unconform-
able, with the coarse conglomerate and grayish
coarse sandstones of the Las Flores Formation
lying on top of reddish sandstones of the Pefias
Coloradas Formation (Fig. 4C) along a clearly
erosive surface, in agreement with previous

interpretations (Raigemborn et al., 2010). Con-
sidering this basal channel, the thickness of the
composite section of the Las Flores Formation
in the Las Flores area is greater than previous
estimates, reaching up to 52 m.

Additional observations from other localities
within the San Jorge Basin confirm the discor-
dant, erosive nature of the contact between the
Pefias Coloradas and Las Flores Formations.
For instance, the type of unconformable contact
described at La Campanita is also present, at
outcrop scale, at Cafiadén Vaca (Fig. 4D) and
the coastal area (e.g., Punta Peligro), frequently
along an irregular surface that has up to 2-3 m
in relief. In the coastal area, the Las Flores For-
mation overlies both the Pefias Coloradas and
the Las Violetas Formation, depending on the
site of observation and as a consequence of the
lateral stratigraphic relationship of the latter
two formations (e.g., Raigemborn et al., 2010;
Krause and Pifia, 2012). At Las Violetas, where
the Penas Coloradas is absent, the lower, erosive
contact of the Las Flores Formation is on the
Las Violetas Formation. A few kilometers to the
west-southwest of Las Violetas, the Las Flores
Formation unconformably overlies the Pefias
Coloradas Formation. This widespread uncon-
formity was previously suggested by Raigem-
born et al. (2010) based on outcrop informa-
tion, and earlier by Legarreta and Uliana (1994)
based on subsurface data, and our observations
provide further confirmation.

Geochronology

U-Pb LA-MC-ICP-MS Analyses

Results from 122 zircons that were analyzed
from four tuff samples of the Las Flores and
Koluel-Kaike Formations using the LA-MC-
ICP-MS method are shown in Figure 5, Table 1,
and Table DRI (see footnote 1). Although some
of the samples included distinctly older zircons
of variable ages, indicative of some degree of
sedimentary reworking (“inherited”), all tuffs
yielded younger groups of statistically indistin-
guishable dates that we interpret as representing
common times of eruption. Calculated ages for
these samples constrain the middle Las Flores to
Koluel-Kaike succession to an age range of early
to middle Eocene (Figs. 3 and 5; Table 1). From
the 122 new LA-MC-ICP-MS dates referenced
here, 36 were identified as inherited (Table DR1
[see footnote 1]). Because the vast majority of
the crystals that were interpreted to be inherited
yielded Paleocene or older dates, their distinc-
tion from the younger (Eocene) clusters used for
age estimation was unambiguous.

The tuff sample from the middle Las Flores
Formation at Cerro Blanco (Figs. 3 and 4B;
Table 1) yielded an age of 51.7 + 1.3 [2.3] Ma
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(n =12; MSWD = 0.30; Fig. 5A; Table DR1
[see footnote 1]). The age of igneous crystalli-
zation for the tuff from the lower Koluel-Kaike
Formation (Fig. 3; Table 1) was estimated to be
47.53 £ 0.69 [1.5] Ma (n = 34; MSWD = 0.10;
Fig. 5B; Table DRI [see footnote 1]). The tuff
from the middle Koluel-Kaike Formation (Figs.
3 and 4F; Table 1) yielded an age of 44.27 + 0.84
[1.9] Ma (n =27; MSWD = 0.19; Fig. 5C; Table
DRI [see footnote 1]), while the tuff from the
upper Koluel-Kaike Formation (Fig. 3; Table 1)
was estimated to be 43.85 + 0.67 [1.5] Ma (n =
13; MSWD = 0.33; Fig. 5D; Table DR1 [see
footnote 1]). All of these ages were later refined
by high-precision CA-ID-TIMS analyses in se-
lected crystals, as discussed next.

U-Pb CA-ID-TIMS Analyses

Although some previously undetected inher-
ited components beyond the resolution of LA-
MC-ICP-MS were also discovered from the
CA-ID-TIMS data (Table DR2 [see footnote
1]), all our samples yielded tight clusters of at
least five concordant and statistically equiva-
lent dates that can be used to place reliable
constraints on the age of the Rio Chico Group.
Based on these equivalent clusters, we report
weighted mean ages of these youngest grain
populations that estimate the timing of igneous
zircon crystallization for the four dated samples;
these crystallization ages are in turn interpreted
as closely approximating the eruption and depo-
sitional age of these tuffs (e.g., Bowring and
Schmitz, 2003).

Middle Las Flores Formation. Of the seven
zircon crystals analyzed from the white tuff be-
tween the orange and red beds in Cerro Blanco
(sample 12CBO1; Figs. 3 and 4B; Table 1), one
grain contained an anomalous amount of com-
mon Pb (likely sourced from glass or mineral
inclusions), and one grain yielded a resolvably
older date (interpreted as detrital or having a con-
tribution from an older core); these two analyses
were not considered further. The remaining five
crystals yielded a weighted mean 2%Pb/>*U date
of 51.403 + 0.037 (0.045) [0.071] Ma (n = 5;
MSWD = 0.64; Fig. 6A; Table DR2 [see foot-
note 1]), which constrains the deposition of the
upper Las Flores Formation to the Ypresian
(Fig. 3; Table DR3 [see footnote 1]).

Lower Koluel-Kaike Formation. All seven
zircon crystals from sample 12LFKKO1 (Figs.
3 and 4E; Table 1) yielded equivalent U-Pb
isotope ratios, resulting in a weighted mean
200Pp/238U date of 46.714 = 0.012 (0.026)
[0.057] Ma (n = 7; MSWD = 1.09; Fig. 6B;
Table DR2 [see footnote 1]).

Middle Koluel-Kaike Formation. All seven
zircon crystals from sample 12LFKKO3 (Figs.
3 and 4F; Table 1) were concordant and equiva-



lent in their U-Pb isotope ratios and yielded a
weighted mean 2%Pb/>%U date of 44.579 +
0.013 (0.026) [0.054] Ma (n = 7; MSWD =
1.17; Fig. 6C; Table DR2 [see footnote 1]).

Upper Koluel-Kaike Formation. Of the seven
zircon crystals analyzed from sample 12LFKKO05
(Figs. 3 and 4G; Table 1), one grain yielded a
resolvably older date interpreted as having a
contribution from cores of significantly older,
xenocrystic origin. The remaining six younger
dates were concordant and equivalent, yielding a
weighted mean 2*Pb/>%U date of 42.856 = 0.017
(0.027) [0.054] Ma (n = 6; MSWD = 0.43; Fig.
6D; Table DR2 [see footnote 1]).

Paleomagnetism

Mass specific magnetic susceptibility of the
paleomagnetic samples ranged between 1.3
and 38.7 10® kg/m3. The highest susceptibili-
ties occurred close to the base of the Las Flores
Formation at site LF1206 (Table DR3 [see foot-
note 1]). Samples from the Pefias Coloradas
Formation also showed relatively high suscep-
tibilities, whereas the Koluel-Kaike Formation
samples generally were characterized by lower
susceptibilities (Table DR3 [see footnote 1]).

During IRM acquisition, samples from sites
LF1211 and LF1221 of the Las Flores Forma-
tion and LF1239 from the Koluel-Kaike For-
mation showed a rapid increase in magnetiza-
tion, with saturation occurring near 0.2 T (Fig.
DR2A [see footnote 1]). This rapid acquisition
of magnetization suggests that the magnetic
mineralogy of these samples is dominated by
a low-coercivity mineral such as magnetite,
maghemite, or pyrrhotite. Demagnetization of
these samples showed that the low-coercivity
component (z-axis) responsible for the majority
of magnetization has an unblocking temperature
near 580 °C (Figs. DR2B, DR2C, and DR2E
[see footnote 1]), indicating that magnetite is
the dominant carrier of magnetic remanence in
these samples. Site LF1225 of the Koluel-Kaike
Formation was characterized by a high-coer-
civity mineral; saturation was still not reached
even at the maximum applied field of 1.1 T (Fig.
DR2A [see footnote 1]), suggesting a magnetic
mineralogy that includes a high-coercivity
mineral such as hematite or goethite. Thermal
demagnetization of this sample showed an un-
blocking temperature for the hard IRM fraction
(x-axis) of ~120 °C (Fig. DR2D [see footnote
1]), indicating that goethite is the dominant car-
rier of magnetic remanence. It is likely that the
goethite is pedogenic in origin because Koluel-
Kaike Formation paleosols display hydromor-
phic Fe/Mn features (Krause et al., 2010).

Paleomagnetic data for all sites that passed the
Watson test for randomness are shown in Table
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DR3 (see footnote 1). Of the five sites sampled
from the Pefias Coloradas Formation, four
passed the Watson test and showed reverse polar-
ities (Figs. 7A-7B; Table DR3 [see footnote 1]).
Within the Las Flores Formation, only four of 18
sites passed the Watson test and could be used
for magnetostratigraphic correlation (Figs. 7C—
7E). Las Flores sites failing the Watson test (e.g.,
Figs. 7C and 7E) usually consisted of samples
with a low-temperature, unstable demagneti-
zation. Dual-frequency magnetic susceptibil-
ity measurements on these unstable Las Flores
Formation samples were generally low (e.g.,
<4) and do not indicate appreciable amounts of
superparamagnetic grains, but demagnetization
results do indicate an erratic viscous remanence.
This viscous magnetization acquired by the Las
Flores samples is probably due to the very fine-
grained nature of these facies, which are domi-
nated by clays (smectite and kaolinite; Raigem-
born et al., 2009, 2014; Krause et al., 2010).
Las Flores sites that passed the Watson test all
displayed normal polarity and did not show this
erratic behavior (Figs. 3 and 7D).

The majority of sites within the Koluel-Kaike
Formation passed the Watson test for random-
ness, producing a more complete magneto-
stratigraphic section than the Las Flores For-
mation (Table DR3 [see footnote 1]). During
demagnetization, the majority of samples from
the Koluel-Kaike Formation showed a linear
decay toward the origin following the removal
of a weak overprint (Figs. 7F-7H). This unit
contains a normal polarity site near the base of
the sequence, with a reversal occurring between
sites LF1225 and LF1227 (Fig. 3). The overly-
ing reverse polarity interval extends up to site
LF1231, where it then changes to normal polar-
ity at site LF1233. A reverse polarity interval is
then identified starting at site LF1237, extend-
ing upward toward the base of the overlying
Sarmiento Formation.

The reversal test was applied to ChRM site
mean directions from the Koluel-Kaike Forma-
tion sites that passed the Watson test to deter-
mine if the reverse and normal polarity modes
in the data set are antipodal (Tauxe et al., 2016).
Results indicate that the means of the reverse
and normal modes cannot be distinguished at
the 95% confidence level, and thus the data pass
the reversal test (Fig. DR3 [see footnote 1]).
Passage of the reversal test suggests that sec-
ondary natural remanent magnetization (NRM)
components have been completely removed
from the Koluel-Kaike Formation samples and
that the ChRM is likely to be primary.

A fold test was performed on paleomagnetic
directions from two sites in the Koluel-Kaike
Formation to determine if magnetization was ac-
quired prior to deformation. Passage of the fold
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test requires that ChRM directions on different
limbs of a fold become more clustered following
structural corrections. The two sites positioned
on the limbs of the local fold (Fig. 4H; Fig. DR1;
Table DR3 [see footnote 1]) show much better
clustering (F = 4.53, p < 0.01) with the rest of
the sites when converted from geographic to
stratigraphic coordinates, indicating a prefolding
magnetization (Fig. DR1 [see footnote 1]).

DISCUSSION

There has been considerable discussion
about how the sedimentary facies and constitu-
ent fossils of the Rio Chico Group relate to the
global climate changes of the early Paleogene
(e.g., Raigemborn et al., 2009, 2014; Krause
et al., 2010; Woodburne et al., 2014a, 2014b).
Of particular interest is how the Paleogene Pata-
gonian mammal faunas temporally relate to one
another (e.g., Tejedor et al., 2009; Woodburne
et al., 2014a, 2014b) and how they, in turn,
correlate to the long-term global warming and
subsequent cooling associated with the early
Eocene climate optimum (51-53 Ma; Zachos
et al.,, 2001, 2008). The new magnetostrati-
graphic and geochronological data from the Las
Flores—Koluel-Kaike succession reported here
fill the gap of information existing in the early
Eocene (Ypresian) to middle Eocene (Lutetian)
interval of central Patagonia (Fig. 3), after the
deposition of the Pefias Coloradas Formation
(latest Danian, ca. 62.5-61.6 Ma; Clyde et al.,
2014) and before the beginning of deposition
of the Gran Barranca Member of the Sarmiento
Formation (latest Lutetian, 42.11-41.70 Ma;
R€ et al., 2010a, 2010b; Dunn et al., 2013).
The new age constraints presented here for
the Pefias Coloradas, Las Flores, and Koluel-
Kaike Formations that make up the Rio Chico
Group are discussed next, along with our re-
vised understanding of the ways in which each
of these units and their associated faunas relates
to early Paleogene global climate changes and
to other Patagonian biotas (Fig. 8).

Age of the Rio Chico Group and
Related Mammal Faunas

Peiias Coloradas Formation
(Ca. 62.5-61.6 Ma)

The Pefias Coloradas Formation is estimated
to have been deposited between ca. 62.5 and
ca. 61.6 Ma (chrons C27n-26r) based on pre-
vious U-Pb and paleomagnetic data (Clyde
et al., 2014) and the new magnetostratigraphic
data presented here (Fig. 3). According to the
schemes of Legarreta and Uliana (1994) and
Bond et al. (1995), mammalian remains of the
“Carodnia faunal zone,” originally recorded
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Figure 7. Representative paleomagnetic vector end-point diagrams from the (A, B) Pefias Coloradas Formation; (C-E) Las Flores For-
mation; and (F-H) Koluel-Kaike Formation. Las Flores samples LF1210A (C) and LF1216A (E) are from sites that showed unstable
demagnetization results and were not included in the final magnetostratigraphic data set. NRM—natural remanent magnetization.

at several localities from the coastal area (e.g.,
Cerro Redondo, Bajo Palangana; Simpson,
1935a, 1935b), were considered to have come
from the Pefias Coloradas Formation. Following
this scheme, and based on the age estimate of
61.6 Ma provided by Clyde et al. (2014) for the
top of the Peflas Coloradas Formation, Wood-
burne et al. (2014b) correlated the “Carodnia
zone” to ca. 62 Ma. However, it is important to
note that the original descriptions (e.g., Simp-
son, 1935b; Feruglio, 1949) of the eastern fossil
localities (e.g., Bajo de la Palangana, Cerro Re-
dondo) would place them at a stratigraphic level
that is above the Pefias Coloradas Formation
(Krause, 2010). For example, the “Carodnia
zone” fossils in Bajo Palangana are stated to be
46 m above the base of the Rio Chico beds (e.g.,
Feruglio, 1949); however, in this area, the Pefias
Coloradas Formation is only 30-35 m thick,
suggesting that the “Carodnia faunal zone”

Figure 8 (on following page). Correlation scheme integrating geochronological information
(Mazzoni et al., 1991; Gosses et al., 2006; Dunn et al., 2013; Montes et al., 2012, 2013; Clyde
et al., 2014; this work), lithostratigraphic units constituting the Rio Chico Group and the
lower Sarmiento Formation (Raigemborn et al., 2010; Krause and Pifia, 2012; Bellosi and
Krause, 2014), Patagonian fossil plant (Wilf et al., 2003, 2005, 2010) and mammal assem-
blages (Cifelli, 1985; Bond et al., 1995; Tejedor et al., 2009; Goin et al., 2012; Vandenberghe
et al., 2012; Reguero et al., 2013; Woodburne et al., 2014a, 2014b; Gelfo et al., 2015), and
the global deep-sea oxygen isotope and paleoclimatic record (Zachos et al., 2001, 2008).
South America land mammal ages (SALMAs) are indicated in capital letters. Bars indi-
cate mammal assemblages and floras and/or biotas. NALMA—North America land
mammal age; SF—Sarmiento Formation; MECO—middle Eocene climatic optimum;
EECO—early Eocene climatic optimum; ETM2—Eocene thermal maximum 2; PETM—
Paleocene-Eocene thermal maximum (ETM1). CUC I—Cucullaea I Allomember (bear-
ing fauna from La Meseta Formation; Montes et al., 2012; Montes, personal commun.,
2015, to J.M. Krause). (*) Ages after Dunn et al. (2013). (**) Ages after Clyde et al. (2014).
(**%) Ages subject to stratigraphic and geochronological revision. See text for details.
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could correspond to Las Flores beds there. The
precise stratigraphic position and age of the
“Carodnia” assemblage need to be resolved via
direct geological investigations of the sections
bearing the original fossils and further paleonto-
logical sampling in well-defined sections.

Las Flores Formation (?56—47 Ma)

The geochronological and paleomagnetic
study provided by Clyde et al. (2014) and rein-
forced by new paleomagnetic information from
this study suggest that the lowest part of the Las
Flores Formation corresponds to chron C26n
or younger (i.e., younger than 59.2 Ma). The
poor paleomagnetic behavior within the lower
Las Flores Formation at the Las Flores locality
reduces the geochronological resolution for this
part of the section; however, both the isotopic
ages provided in this study and the very stable
paleomagnetic behavior within the overlying
Koluel-Kaike Formation show a close match to
the GPTS (Vandenberghe et al., 2012).

The tuff sample 12CB01 from the middle Las
Flores Formation at Cerro Blanco (Figs. 1B, 3,
4B, and 8), located between the orange and red
marker beds, can be correlated with the interval
close to site LF1215 in the Las Flores section
(Fig. 3), which is normal polarity. The U-Pb
date of 51.403 + 0.037 Ma for 12CBO01 indicates
that normal polarity recorded in this part of the
section probably corresponds to chron C23n
(either chron C23n.1n or C23n.2n). Considering
this interpretation and the age of ca. 61.6 Ma for
the top of the Pefias Coloradas Formation, the
normal polarity recorded at site LF1207 could
be correlated to one of the chron C24 normal
subchrons (i.e., C24n.3n, 53.42-53.98 Ma) or to
chron C25n (57.10-57.66 Ma). Thus, the base
of the Las Flores Formation could be either
lower Ypresian (i.e., ca. 54 Ma) or Thanetian
(ca.57.5 Ma) in age. The sedimentary and strati-
graphic data reported here clearly show that a
significant erosional unconformity separates
the Las Flores Formation from the underlying
Pefias Coloradas Formation at the Las Flores
locality. Both the age and the regional extent
of the basal unconformity over which the Las
Flores Formation lies suggest that this surface
could have been caused by an erosive event
related to a fall in base level. One possible ori-
gin of this unconformity could be the effects of
global eustatic sea-level fall near the Paleocene—
Eocene boundary (ca. 56 Ma), as recorded in
other Atlantic basins (e.g., Baum and Vail, 1988;
Hagq et al., 1988; Miller et al., 2005). Thus, we
prefer the correlation of site LF1207 to one of
the chron C24 normal subchrons, establishing
the age ca. 56 Ma as more probable for the base
of the Las Flores Formation. Nevertheless, more
data would be necessary to confirm this. The age

for the top of this unit at the Las Flores locality
is ca. 47 Ma, given the 46.714 + 0.012 Ma U-Pb
date constraining the age of the lowest Koluel-
Kaike Formation and the absence of noticeable
unconformities in the formational boundary. It
is noteworthy that in the coastal area, the top of
the unit is likely younger. Given the consider-
ably thicker Las Flores successions and the
nondeposition of the Koluel-Kaike Formation
along the coast, as well as the lateral relation-
ship between the Las Flores and Koluel-Kaike
Formations (e.g., Legarreta et al., 1990; Legar-
reta and Uliana, 1994; Krause and Pina, 2012;
Fig. 2), the Las Flores Formation in its totality
probably includes the time of deposition of the
Koluel-Kaike Formation.

Although the contact between the Las Flores
and Koluel-Kaike Formations often appears tran-
sitional in outcrop (Krause et al., 2010; Raigem-
born et al., 2010), the ages reported here indi-
cate a temporal separation of ~5 m.y. between
the middle Las Flores Formation (tuff 12CBO01)
and the lower Koluel-Kaike Formation (sample
12LFKKO1). That 5 m.y. of time is distributed
across only 25 m of muddy facies, suggesting
that sediment accumulation rates must have
been extremely slow in the upper Las Flores
Formation and, more likely, that there are con-
densed sections (i.e., development of paleosols)
or hiatuses in this part of the unit. The absence of
clear erosive surfaces and the strong contrast in
lithology from siliciclastic to pyroclastic facies
(also reflected in a significant change in mag-
netic susceptibility) recorded in the upper Las
Flores—lower Koluel-Kaike interval suggest that
discontinuities would be nonerosive and prob-
ably related to the timing of pedogenesis and
changes in sediment supply. Significant time
(i.e., 10'-107 k.y.) was consumed during paleo-
sol development within the middle-upper Las
Flores Formation (i.e., orange and red beds) and
the Koluel-Kaike Formation, where strongly
developed, lateritized, paleo-Ultisols and paleo-
Andisols are arranged in cumulative, composite,
and compound sequences (Krause, 2010, 2012;
Krause et al., 2010). In particular, the orange
and red marker beds are close in time to the
U-Pb date of 51.403 + 0.037 Ma for 12CBO01,
suggesting a potential link to the early Eocene
climatic optimum (see following discussion).
The orange and red beds exhibit soil features
and thus could be recording a condensed section
equivalent to the duration of the early Eocene
climate optimum, ~2 m.y. (Zachos et al., 2008).
Moreover, it seems likely that the top of the
paleosols included in this part of the section also
mark disconformities.

The new age data presented here are sig-
nificant for constraining the age of the Las
Flores fauna, which is referred to the Itaboraian
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SALMA (Bond et al., 1995; Goin et al., 2009;
Woodburne et al., 2014a, 2014b). The dated tuff
sample 12CBO1 (51.403 +0.037 Ma) is located
~18-20 m below the Las Flores—Koluel-Kaike
contact (Figs. 3, 4B, 5A, 6A, and 8), ~5-7 m
above a tuff dated to ca. 49.5 Ma by Woodburne
et al. (2014b), and ~25-27 m above the beds
with the Las Flores fauna (see fig. 3 in Wood-
burne et al., 2014b). Based on the “*Ar/*Ar age
of ca. 49.5 Ma as the minimum age for the Las
Flores fauna, Woodburne et al. (2014b) con-
strained this fauna to the ca. 53-50 Ma inter-
val. Considering the new, older isotopic age
and higher stratigraphic position of our Cerro
Blanco tuff, our data indicate that the Las Flores
fauna is older than 51.4 Ma, thus increasing the
minimum age of the fauna by 1.4 m.y. Both the
new U-Pb CA-ID-TIMS age presented here
and the Woodburne et al. (2014b) “Ar/*Ar
age are in conflict with the detrital zircon U-Pb
data presented by Kohn et al. (2015), who
concluded that the sandstones bearing the Las
Flores fauna could be no older than 47 + 1 Ma.
Our age of the Cerro Blanco tuff (51.403 +
0.037 Ma) shows that the minimum age for
the Las Flores fauna is at least ~5 m.y. older
than the ca. 47 Ma maximum age proposed by
Kohn et al. (2015). We suspect that the differ-
ence between our new U-Pb CA-TIMS age
and the detrital U-Pb age of Kohn et al. (2015)
could be methodological. Determining precise
chronostratigraphic constraints based primar-
ily on LA-ICP-MS dating of detrital zircons is
difficult, due to accuracy limitations that can
be introduced by postcrystallization Pb-loss as
well as possible matrix-introduced analytical
biases (Kosler et al., 2013). Supported by the
new high-resolution geochronologic and mag-
netostratigraphic results presented here, in ad-
dition to the previous “’Ar/*Ar geochronologic
results of Woodburne et al. (2014b), we argue
that a 47 + 1 Ma maximum estimate for the Las
Flores fauna is inaccurate and too young for
this stratigraphic interval and that this fauna is
in fact older than ca. 51.4 Ma and younger than
ca. 56 Ma (i.e., Ypresian in age; Fig. 8).

Koluel-Kaike Formation (46.7-42.2 Ma)

Our new high-precision U-Pb CA-ID-TIMS
ages for the succession of tuff samples from the
base, middle, and upper levels of the Koluel-
Kaike Formation, respectively (Table 1; Fig. 3),
in combination with our new magnetostrati-
graphic data for the entire unit, represent the first
direct age constraints for this formation (Figs. 3,
4E-4G, 5B-5D, 6B-6D, and 8). The U-Pb date
of 46.714 + 0.012 Ma from the lower section
indicates that the basal beds of the Koluel-Kaike
Formation most likely correspond to part of
chron C21n (within the age range of 45.72—



47.35 Ma; Fig. 3). The U-Pb date of 44.579 +
0.013 Ma from the middle section indicates
that the reversed polarity zone recorded in the
middle of the formation is most likely correlated
to chron C20r (43.43-45.72 Ma; Fig. 3). Finally,
the date of 42.856 + 0.017 Ma indicates that the
upper Koluel-Kaike Formation most likely cor-
responds to chron C20n (42.30-43.43 Ma) and
the early part of Chron c19r (41.39-42.30 Ma;
Fig. 3). Given our new chronostratigraphic
framework for the Las Flores and Koluel-Kaike
succession and that of Dunn et al. (2013) for the
base of the Gran Barranca Member of the lower
Sarmiento Formation, it is now possible to con-
strain the period of deposition from the upper
Las Flores Formation through the Koluel-Kaike
Formation to span ~9 m.y. (Fig. 3).

The new geochronological data provided
here show that there is no significant temporal
gap between the Koluel-Kaike Formation and
the overlying Gran Barranca Member (lower
Sarmiento Formation) at the Las Flores and
Gran Barranca localities. This confirms strati-
graphic-sedimentological observations and in-
terpretations provided in previous contributions
(Feruglio, 1949; Bellosi and Madden, 2005;
Krause et al., 2010, their fig. 3B; Raigemborn
et al., 2010) and differs somewhat from the in-
terpretation of Woodburne et al. (2014a, p. 43
and their fig. 7), who postulated a disconformity
of up to 6 m.y. and the erosion of 86 m of the
Vacan Member of the Sarmiento Formation be-
tween the Koluel-Kaike Formation and the Gran
Barranca Member (lower Sarmiento Formation)
at Las Flores (for additional details regarding
this difference in interpretation, see also Wood-
burne et al. [2014b] and Data Repository text
[see footnote 1]).

Woodburne et al. (2014b) interpreted the
base of the Koluel-Kaike Formation, and thus
the Riochican SALMA, to be ca. 49 Ma. The
new U-Pb dates reported here indicate that
the Koluel-Kaike Formation is more than
2 m.y. younger than that. If the correlation of
the Ernestokokenia faunal zone (= Riochican
SALMA) to the Koluel-Kaike Formation were
correct, then our data would constrain the age of
the Riochican SALMA to lie between 46.7 and
42.2 Ma (Fig. 8). However, it alternatively could
be placed anywhere in the time represented
by the middle-upper Las Flores Formation be-
cause the correlation of the strata preserving the
Ernestokokenia faunal zone to the Koluel-Kaike
Formation rather than the Las Flores Formation
is still uncertain (see earlier discussion in Geo-
logic Setting). Conservatively, this means that
the age of the Riochican SALMA can only be
estimated broadly to lie somewhere within the
time span of ca. 5642.2 Ma or early-middle
Eocene (Ypresian-Lutetian) in age. However,
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we prefer the more constrained age of 46.7—
42.2 Ma (Lutetian) based on the likelihood,
discussed herein, that the upper Las Flores For-
mation in the coastal area is chronostratigraphi-
cally equivalent to the Koluel-Kaike Formation
in the Gran Barranca area (Fig. 2). Additional
work on these correlations and the stratigraphic
relationships of sections bearing fossils char-
acteristic of the Ernestokokenia faunal zone
is needed to establish a more accurate strati-
graphic and geochronological framework for
the Riochican SALMA.

Eocene Faunas, Floras, and
Paleoclimate in Patagonia

The span of time corresponding to the deposi-
tion of the Las Flores Formation (7?5647 Ma)
includes the time of the floras from Pampa de
Jones, Laguna del Hunco, and Rio Pichileufi
(Fig. 8). The time of deposition for the Las
Flores Formation also includes the deposition
of the tuff that bears mammals from the Laguna
Fria assemblage in North Patagonia, one of
the two local faunas recorded near the town
of Paso del Sapo, Chubut Province (Tejedor
et al., 2009), that were thought to potentially
represent a distinct SALMA later informally
referred to as the “Sapoan” (e.g., Woodburne
et al., 2014a). The mammal-bearing tuff from
Laguna Fria immediately overlies an ignimbrite
dated to 49.51 + 0.32 Ma via “Ar/*°Ar analysis
(Gosses et al., 2006) and underlies a basalt dated
via “Ar/*Ar to 47.89 + 1.21 Ma (AH alkaline
basalt; Gosses et al., 2006). These results imply
that the Laguna Fria Tuff is coeval with some
part of the upper Las Flores Formation, above
tuff 12CB01, and below the base of the Koluel-
Kaike Formation (Fig. 8).

The geochronological data provided here
also indicate that there is a temporal overlap be-
tween the middle-upper Las Flores Formation
and the middle-upper section of the La Meseta
Formation (Antarctica), particularly with the
Cucullaea I Allomember (Fig. 8), which is
constrained by means of chemostratigraphic
(¥’Sr/%Sr) and magnetostratigraphic data to
range in age from 51.6 to 49.0 Ma (Montes
et al., 2012, 2013; Montes, personal commun.,
2015, to J.M. Krause). The La Meseta Forma-
tion bears important mammal assemblages
(e.g., Reguero et al., 2013; Gelfo et al., 2015)
that have significant affinities to the Paso del
Sapo faunas (e.g., Tejedor et al., 2009; Goin
etal., 2012).

The geochronological data reported here and
by Woodburne et al. (2014b) confirm that the
temporal span of the early Eocene climate opti-
mum (ca. 51-53 Ma; Zachos et al., 2008) is
represented in the Las Flores Formation, particu-
larly in the middle-upper section (Fig. 3), situ-
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ating the Las Flores fauna near the time of the
early Eocene climate optimum. Peaks of kaolin-
ite reported in the upper Las Flores Formation
(Raigemborn et al., 2014), including the orange
and reddish marker beds, are compatible with
strong chemical weathering and thus consistent
with warm and humid climates of the early Eo-
cene climate optimum. Warm and humid envi-
ronments in the Las Flores Formation are also
supported by phytolith and mineralogical data
(Raigemborn et al., 2009, 2014) and are con-
sistent with paleoclimatic interpretations from
fossil vertebrate studies from the Las Flores
fauna (e.g., Pascual and Ortiz-Jaureguizar, 1990;
Woodburne et al., 2014a).

Confirmation of temporal continuity without
any major gap between the Koluel-Kaike For-
mation (46.7-42.2 Ma) and the Gran Barranca
Member of the Sarmiento Formation (Casamay-
oran SALMA) at Las Flores—Gran Barranca
adds a noteworthy point for discussion regard-
ing the chronostratigraphy in the center of the
San Jorge Basin and the ages of the SALMAs
recorded there. About 70 km northeast of Las
Flores is Cafiadén Vaca, the site where the
lowermost section of the Sarmiento Formation
within the San Jorge Basin was found (Cafiadén
Vaca Member of the Sarmiento Formation;
Bellosi and Krause, 2014) and the Vacan sub-
age of the Casamayoran SALMA was defined
(Cifelli, 1985; Figs. 1B—1C and 2). No outcrops
of the Koluel-Kaike Formation are present at
this locality, as the Sarmiento Formation lies
paraconformably on top of the Las Flores For-
mation (Bellosi and Krause, 2014, their fig. 3).
A precise age has not been determined for the
Cafiadén Vaca Member in the type locality, al-
though an estimate based on stratigraphic thick-
ness and assumed sedimentary rates places the
Cafiad6n Vaca Member in the ca. 45 Ma to ca.
42 Ma time interval (Bellosi and Krause, 2014).
This age estimate is consistent with other esti-
mates, including a ca. 45 Ma estimate based
on a fossil xenarthran from correlative strata
at Gran Barranca (Carlini et al., 2005). Also,
an age of 43 Ma was cited by Stromberg et al.
(2013) and Dunn et al. (2015) for the Canadon
Vaca Member of the Sarmiento Formation at
Cafiadén Vaca. However, in both cases, the
analytical and stratigraphic details of these ages
have not been published. Given the uniformity
of the sedimentological facies characterizing the
Gran Barranca Member in the San Jorge Basin,
we suggest that the Gran Barranca beds at both
Cafiad6n Vaca and the Gran Barranca type lo-
cality correspond to the same depositional time.
Considering the well-constrained ages obtained
from Gran Barranca localities (e.g., R€ et al.,
2010a, 2010b; Dunn et al., 2013), and particu-
larly the maximum age for the Gran Barranca
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Member (42.11 Ma; Dunn et al., 2013), we as-
sume the minimal age for the top of the Cafiadén
Vaca Member to be ca. 42 Ma, as previously
interpreted by Bellosi and Krause (2014). Con-
sidering the thickness of the Cafiadon Vaca
Member (55 m; Bellosi and Krause) and the
sedimentary rates indicated by those authors,
their estimation of ca. 45 Ma for the base of the
Cafiad6n Vaca Member is maintained here.

The estimated age for the Cafiadén Vaca
Member implies a stratigraphic interpretation
in which the deposition of this member at the
Cafiad6n Vaca locality was correlative in time
with the upper Koluel-Kaike Formation in the
Gran Barranca area. Sediment accumulation of
the Cafiadén Vaca Member, governed by distal,
subaerial fallout of suspended volcanic ash and
dust on vegetated plains (tephric loessites) and
paleosols related to subhumid conditions (Bel-
losi and Krause, 2014), agrees with the evidence
of climatic deterioration recognized in the upper
Koluel-Kaike Formation (e.g., Krause et al.,
2010). Furthermore, records of reptiles such
as the giant snake Madtsoia (Simpson, 1933b)
and Sebecus (Simpson, 1937), in conjunction
with the presence of paleo-Alfisols in the lower
Cafiadén Vaca Member (Bellosi and Krause,
2014), support the lower Cafiadén Vaca Mem-
ber being correlated to the upper Koluel-Kaike
Formation and having been deposited under
humid/subhumid conditions slightly before the
definitive cooling trend associated with the Gran
Barranca Member (e.g., Bellosi, 2010; Bellosi
and Gonzalez, 2010; Krause et al., 2010). Both
paleoclimatic similarities and geochronological
correlation of the Cafiadén Vaca Member with
the upper Koluel-Kaike Formation also help to
explain the high similarity between Vacan taxa
and those contained in the “Rio Chico Forma-
tion” sensu Cifelli (1985) (currently Pefias Col-
oradas and Las Flores Formations) rather than
with those from the Gran Barranca Member of
the Sarmiento Formation (Cifelli, 1985).

The span of time elapsed in the upper Las
Flores (above tuff sample 12CBO01) to Koluel-
Kaike succession encompasses around half of
the duration of the long-term cooling trend from
the end of the early Eocene climate optimum to
the Oi-1 glaciation at ca. 33 Ma (Zachos et al.,
2001, 2008). This trend is consistent with lo-
cal observations in the Koluel-Kaike Forma-
tion. Warm and humid conditions are recorded
in the lower Koluel-Kaike Formation through
paleobotanical (Zucol et al., 2004; Brea et al.,
2009), mineralogical, and paleopedologic stud-
ies (Raigemborn, 2008; Krause, 2010; Krause
et al., 2010; Raigemborn et al., 2014), whereas
cooler and drier conditions are recorded in the
middle—upper Koluel-Kaike Formation (Krause
et al., 2010) and in the coeval Cafiadén Vaca

Member (Bellosi and Krause, 2014). Krause
et al. (2010) proposed that the early Eocene cli-
mate optimum probably was represented in the
lower part of the Koluel-Kaike Formation, thus
suggesting that the base of this unit could be as
old as around 54 Ma. The new ages reported
here make it clear that the conclusion in Krause
et al. (2010) regarding the cooling trend after the
early Eocene climate optimum being recorded
within the Koluel-Kaike beds is still valid, but
the age of the base of the Koluel-Kaike For-
mation was overestimated by around 7 m.y. in
that study.

The span of time corresponding to the depo-
sition of the Koluel-Kaike Formation includes
the deposition of the tuffaceous sediments that
bear the La Barda mammal assemblage (Tejedor
et al., 2009). This La Barda local fauna has a
probable age between 47 and 45 Ma (Tejedor
et al., 2009) because it overlies a basalt dated
via “Ar/*Ar at 47.89 + 1.21 Ma (Gosses et al.,
2006) and underlies andesites that have an esti-
mated age of ca. 43 Ma (Mazzoni et al., 1991).
Thus, the deposits bearing the La Barda mam-
mals were deposited at about the same time
as the lower-middle Koluel-Kaike Formation,
under warm and humid conditions (Tejedor
et al., 2009; Krause et al., 2010). Based on the
stratigraphic relationships recognized in the
field and discussed herein, the upper Koluel-
Kaike Formation would include the time of
deposition of the rocks bearing the Vacan fauna,
suggesting that the Vacan fauna lived after, and
during cooler and drier conditions than, the La
Barda local fauna.

The comparison between chronostratig-
raphies of early Paleogene beds and associ-
ated faunas in Patagonia also raises a note-
worthy point regarding the Paso del Sapo fauna
(Tejedor et al., 2009) and the “Sapoan” fauna
(Woodburne et al., 2014a, 2014b). Tejedor et al.
(2009) originally proposed the Laguna Fria (ca.
49.51 Ma) and La Barda (45-47 Ma) local fau-
nas as constituents of a possible new SALMA
(later informally referred as the ‘“‘Sapoan”;
Woodburne et al., 2014a, 2014b), temporally
younger than the Riochican SALMA and older
than the Vacan subage of the Casamayoran
SALMA. The relative position of the “Sapoan”
between the Riochican and Vacan was later
maintained by other authors, albeit with varia-
tions in the ranges of estimated numerical ages
(Gelfo et al., 2009; Woodburne et al., 2014a,
2014b). Whereas Tejedor et al. (2009) estimated
the age of the Paso del Sapo fauna to be between
49.5 and 45 Ma, Woodburne et al. (2014b) es-
timated the age of the “Sapoan” as between
48.5 and 47 Ma. The chronostratigraphic and
paleoclimatic correlations developed in this
study clarify that the two local faunas compos-
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ing the “Sapoan” (the Laguna Fria and La Barda
faunas) likely correspond to two different times
and different paleoclimatic conditions. The
Laguna Fria assemblage is closer in time and
climatic conditions to those of the Las Flores
fauna, and the La Barda assemblage is closer
in time and climatic conditions to those of the
Vacan subage (Fig. 8). This result helps to ex-
plain the “dichotomy” that emerged from the
faunal analyses of Tejedor et al. (2009) and
noted by Woodburne et al. (2014a, p. 43),
wherein some “Sapoan” taxa display greater
affinity to Itaboraian and Riochican faunas, and
other “Sapoan” taxa are more closely associated
with the Vacan fauna. In this sense, we consider
the “Sapoan” to be an unsuitable biochronologi-
cal unit because it does not represent a unique
interval of time. Rather, it consists of two tem-
porally separate time intervals, each of which
overlaps with or is coeval with different, already
established SALMA designations.

CONCLUSIONS

(1) New magnetostratigraphic and geo-
chronological data reported here constrain
the temporal span of the middle Las Flores
to uppermost Koluel-Kaike succession in the
Gran Barranca area to be ca. 51.4-42.2 Ma (mid
Ypresian—late Lutetian) in age, with the Koluel-
Kaike Formation being 46.7-42.2 Ma (Lutetian)
in age. These new data fill a significant gap in our
knowledge of the chronostratigraphy between
the Penas Coloradas Formation (ca. 62.5-61.6
Ma; Clyde et al., 2014) and the Gran Barranca
Member of the Sarmiento Formation (ca. 41.7—
38.45 Ma; Dunn et al., 2013) and constrain the
Rio Chico Group as a whole to span ca. 62.5—
42.2 Ma (latest Danian—late Lutetian) in age.

(2) The chronological framework developed
here improves our understanding of the age of
the Las Flores fauna (referred to the Itaboraian
SALMA) as being older than 51.4 Ma and
younger than ca. 56 Ma.

(3) Sedimentary and geochronological infor-
mation from the Las Flores section studied here
confirms that no significant unconformity ex-
ists at the Koluel-Kaike Formation—-Gran Bar-
ranca Member (Sarmiento Formation) contact.
The absence of any hiatus at the Las Flores and
Gran Barranca localities, and the uniformity of
the facies in the Gran Barranca Member at both
of these localities suggest that the upper Koluel-
Kaike Formation and the Cafiadén Vaca Mem-
ber of the Sarmiento Formation were deposited
during a similar span of time.

(4) Comparison of the new chronostrati-
graphic framework presented here with other
important paleontological sites in Patagonia
suggests that (a) the time of deposition of the



Las Flores Formation at Las Flores (which
contains a mammal assemblage referred to the
Itaboraian SALMA) includes the floras from the
La Huitrera Formation (e.g., Laguna del Hunco,
Rio Pichileufd, and Pampa de Jones), the fauna
from the Cucullaca I Allomember (La Meseta
Formation), and the Laguna Frfa mammal as-
semblage (oldest “Sapoan”; La Huitrera Forma-
tion); and (b) the time of deposition of the upper
Koluel-Kaike Formation was contemporaneous
with the Vacan (lower Casamayoran SALMA)
and the La Barda mammal assemblages.

(5) The proposal of the “Sapoan” as a poten-
tially unique biostratigraphic unit between the
Riochican SALMA and the Vacan is rejected
because the two component faunas characteriz-
ing it as a distinct temporal interval instead are
coeval with faunas characteristic of previously
recognized SALMAs.
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