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The geographic extent, interconnectedness and chronology of the Miocene “Paranaense” epeiric seaway have
been the subject of considerable debate. Understanding the timing and location of this marine incursion is
significant for documenting sea level changes, paleoclimatic changes, and surface uplift or subsidence. Stable
isotope analyses of carbonate strata in the flat-slab segment of the Sierras Pampeanas and high Andean
Cordillera, previously purported to be of marine origin, provide evidence that the Paraná seaway did not
inundate this portion of west and central Argentina. No unambiguously marine facies or isotopic signatures
were recognized for five representative stratigraphic units: the Saguión Formation ESE of Salinas Grande in
Córdoba Province; Anta Formation in the Quebrada de la Yesera and Lerma Valley of Salta Province; Del Buey
and Del Abra Formations within the Famatina Ranges, La Rioja Province; and Chinches Formation in the
Manantiales foreland basin in the Frontal Cordillera, San Juan Province. Paleontologic and lithologic features
in support of a marine origin are reconsidered herein. Instead, a lacustrine origin is inferred for these
formations, their contemporaneity perhaps related to concurrent global climate conditions and broad tectonic
setting. Until more substantive evidence of marine deposition is found, we reject correlation of these units
with the Paraná seaway, preserved in the Chaco-Pampean Plain subsurface, and discourage mapping of the
seaway as extending into the central Sierras Pampeanas or Andean foreland. Our findings suggest theMiocene
Andean foreland was elevated above sea level although it remained as a largely flat-lying area west of the
Pampas and Chaco plains, which were inundated by the Paraná seaway.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Constraining the spatial extent of marine incursions in the rock
record by means of facies and isotopic analyses is necessary for
documenting sea level fluctuations, paleoclimatic changes, and
surface uplift or subsidence. The main objective of this work is to
contribute new lithologic interpretations and isotopic proxies to allow
further discussion of the setting and paleoclimate of Miocene
carbonate beds, interpreted by most previous workers as marine
deposits contemporaneous with the Paranaense incursion. These beds
are exposed from, in the west, the Frontal Cordillera (high Andes) to,
in the east, the Sierras Pampeanas region of Argentina. Both areas

constituted part of an extensive foreland basin system by early
Neogene (Jordan et al., 2001). While the Frontal Cordillera was
associated with foredeep depozones, the Sierras Pampeanas repre-
sented the distal foredeep to back-bulge zones (see Dávila et al.,
2007). Our data and interpretations provide constraints on the
western extent of the Paranaense transgression into this foreland
system, which is topographically elevated at present and likely also
elevated during the middle Miocene (16–11.6 Ma).

The paleogeography, interconnectedness and chronology of flood-
ing of the Miocene “Paranaense” epeiric seaway have been subjects of
considerable debate (e.g. Camacho, 1967; Ramos and Alonso, 1995;
Hernández et al., 2005; Lovejoy et al., 2006; Marengo, 2006; Uba et al.,
2009). During the Middle and Late Miocene (15–7 Ma), portions of
Argentina, Bolivia, Brazil, Colombia, Ecuador, Paraguay, Uruguay and
Venezuela were inundated with seaways, variously called the
Amazonian and Caribbean in northern South America (Hoorn and
Vonhof, 2006; Rebata et al., 2006; Hovikoski et al., 2007), and
Paranaense or Entrerrianense in Argentina (Jordan and Alonso, 1987;
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Ramos and Alonso, 1995; Hernández et al., 2005; Hulka et al., 2006;
Lovejoy et al., 2006; Marengo, 2006). Eustatic sea level was relatively
higher during theMiddleMiocene than at present, although not at the
magnitudes formerly reported (cf. +150 m sea level maxima of Haq
et al., 1987 with +50 m maxima and concordant long term sea level
stillstand or gradual fall of Van Sickel et al., 2004).

In Argentina, unequivocal exposures of marine units attributed to
the Paranaense ingression are the Miocene Paraná Formation outcrop-
ping near Entre Ríos, NE Argentina and the correlative Puerto Madryn–
Chenque Formations (marine interval 15.6 –10 Ma, Malumián and
Nañez, 1996; Scasso et al., 2001) along coastal Patagonia, also known as
the Patagoniense transgression in SE Argentina (Malumián, 1999).
These units comprise transgressive sequences with reef and platform
limestones containing bivalves and gastropods (Del Rio et al., 2001) or
alternatively by greenish shale and silt intervals as in Patagonia and
regions east of the Sierras Pampeanas, in the subsurface of the Pampas
plain (Marengo, 2006). Sedimentary facies and fossil content have been
interpreted as evidence of coastal marine paleoenvironments, and
signify multiple times at which relative sea level rise led to Atlantic
flooding into the Chaco-Pampean Plain and eastern Patagonia (Marti-
nez, 1988; Hernández et al., 2005; Marengo, 2006). In NW Argentina,
calcareous, foraminifera-bearing intervals of the Rio Salí (14 Ma, Bossi
and Palma, 1982) and San José Formations, as well as portions of the
Yecua Formation (12.4–7.9 Ma, Uba et al., 2009) in southern Bolivia,
record multiple, short-duration, marine incursions based on trace
fossils, stromatolites, foraminifera and less-depleted isotopic values
(e.g. Hernández et al., 2005; Hulka et al., 2006; Uba et al., 2009). It has
been suggested that the lacustrine to transitional marine Yecua
Formation represents a connecting route between the Amazon and
Parana seaways (Uba et al., 2009).

The thin carbonate beds on which our study focuses are broadly
correlative in age with the Paranaense strata (middle to late Miocene;
16–5 Ma). Previously they have been interpreted as marine deposits
on the basis of lithofacies, ichnofacies, fossil content or simply
temporal similarity (e.g. Ramos and Alonso, 1995; Pérez et al., 1996;
Ottone et al., 1998; Bertolino et al., 2001; Pérez, 2001; Dávila and
Astini, 2003a; Fig. 1). Thus they are taken as evidence of extensive
marine inundation into the Sierras Pampeanas region and the middle
Miocene Andean foredeep, located in what is today the Frontal
Cordillera. Although outcrops of these units contain some faunawhich
are similar to those preserved in the marine Paranaense sediments,
such as species of Corbicula), modern equivalents of these bivalves are
known to inhabit lacustrine and freshwater settings (e.g. Ituarte,
1994). The carbonate strata are also interbedded with low-gradient
fluvial overbank, lacustrine and playa lakes deposits, which locally
interfinger with coarse-grained synorogenic alluvial strata (e.g.
Dávila, 2005). Uncertainty about a marine origin initiates with the
lithofacies analyses because, in closed- or sluggish-drainage non-
marine foreland basins, carbonate precipitation is possible. This
happens when there is oversaturation of carbonate minerals and
kinetic barriers to carbonate precipitation are overcome, just as in
marine settings. Similar controversy about a marine or terrestrial
origin has also arisen for Miocene deposits of more distal foreland
scenarios recorded in western Amazonia (S 2°–5°, W 70°–74°)
wherein it has been suggested that units once thought to be fluvio-
lacustrine contain evidence of occasional marine influence (e.g.
Hoorn, 1993; Vonhof et al., 2003; Hoorn and Vonhof, 2006; Rebata
et al., 2006; Hovikoski et al., 2007; Uba et al., 2009).

Constraint on the position of aMiocene Paranaense sea level datum is
of interest for calibrating paleogeographic, paleoclimate and geodynamic
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Fig. 1. Left: Map of southern South America illustrating interpreted distribution of Miocene Paraná seaway (grey area, after Ramos and Alonso, 1995; Hernández et al., 2005). Thin
dashed lines represent depth contours (meters) of Nazca plate showing flat-slab segment (after Cahill and Isacks, 1992). Thick dashed line represents interpreted westernmost
extent of Paraná seaway based on this study; Right: Detail of study area and stratigraphic localities referenced in text (A: Manantiales basin, Chinches Formation; B: Sierras de
Famatina, Del Abra and Del Buey Formations, C: Alemania, Anta Formation; D: Quebrada de la Yesera, Anta Formation; E: Sierra de Córdoba, Saguión Formation. Contours are Present
day elevations above sea level. Contour interval of white lines is 100 m. Contour interval of black lines is 1000 m.
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reconstructions. For example, the distribution of water masses directly
controls the heat capacity and albedo on Earth and ocean current
circulation systems are fundamental drivers of climate and sedimenta-
tion.Ofmost concern to the authors is thevalueof apaleo-sea level datum
for interpreting fundamental geodynamics and tectonics across the
Andean belt. If a marine origin for these beds could be established, they
would provide unequivocal evidence for the amount of middle Miocene
to present surface uplift experienced between theAndean foreland (500–
1500 m) and the High Cordillera (~3000 m). In particular, the long-
wavelength (N300 km, larger than the foreland flexure) topographic
response to the coupling of South American lithosphere to oceanic
lithosphere is poorly known. For example, it is debatable whether flat-
slab subduction caused regional uplift or subsidence (see Dávila et al.,
2010). Usingflexural and topographic analysis, togetherwith geophysical
interpretation, Dávila et al. (2005, 2007, 2010) proposed non-isostatic
long-wavelength topographic change or mantle-driven “dynamic topog-
raphy” (cf. Lithgow-Bertelloni and Richards, 1998) along the Argentine
pericratonic foreland. This mantle-driven topography is potentially
related to subduction of the Juan Fernandez aseismic ridge, which
triggered slab flattening since ~18 Ma (Yañez et al., 2001; Kay and
Mpodozis, 2002), creating and displacing sublithospheric loads and in
turn affecting the foreland topography. In order to test this hypothesis,
one needs markers for long-wavelength elevation and elevation change

in regions not affected by crustal tectonic loading. The middle Miocene
marginalmarine deposits of the Paranaense epeiric seaway could provide
a regional sea level datum for paleoelevation reconstructions to address
this question. However, the scatterednature andminimal documentation
of units with inferred marine origin within the Cordillera and the central
Sierras Pampeanas regions required field reassessment of their charac-
teristics and extent.

Apart from the geodynamic implications, these Middle Miocene
carbonate beds may provide additional information on one of the
major climatic events of the Neogene: “the mid-Miocene Climatic
Optimum” (Zachos et al., 2001). For example, Dávila (2003, 2005) and
Barreda et al. (2006) concluded that fine-grained deposits associated
with the carbonate beds signify a wetter-climate paleoflora, compared
to the over- and underlying strata. Specifically, in Famatina (NW
Sierras Pampeanas), this “wetter-climate” horizon is capped by a
thick, Aeolian, sand-dune field (Dávila and Astini, 2003b), which
would indicate the re-establishment of semiarid to arid conditions in
the foreland (e.g. Jordan et al., 2001).

1.1. Geological setting

The five Miocene carbonate units considered in this study are
located above the “flat-slab” segment of the southern Central Andes

Table 1
Location, stable isotopic values and age estimates for carbonate units sampled in this study.

Formation Member Sample Locality Coordinates
(WGS 84)

δ13C δ18O Age estimate
(MA)

Source

Anta AJ1 Quebrada la
Yesera

S 25°59.33′
W 65°45.07′

−6.72 −3.55 15.9–14.2 Reynolds et al. (2000); fission track (zircon)
age of interbedded tuff at Alemania (14.5+/−1.4);
magnetic correlation of concordant top of
formation at Rio Piedras (14.2).

Anta AJ3 Alemania S 25°36.12′
W 65°35.90′

−6.22 −1.45 15.9–14.2 Reynolds et al. (2000); fission track (zircon) age
of interbedded tuff at Alemania (14.5+/−1.4);
magnetic correlation of concordant top of
formation at Rio Piedras (14.2).

Chinches Tc5 Man-07-50 Manantiales S 32° 3.34′
W 69° 48.62′

−4.75 −10.89 15.47 Recorrelation of local magnetostratigraphy of
Jordan et al. (1996) to Ogg and Smith (2004)

Chinches Tc5 Man-07-51 Manantiales As above −4.93 −12.59 15.42 Recorrelation of local magnetostratigraphy of
Jordan et al. (1996) to Ogg and Smith (2004)

Chinches Tc5 Man-07-53 Manantiales S 32° 3.33′
W 69° 48.81′

−5.68 −11.59 15.35 Recorrelation of local magnetostratigraphy of
Jordan et al. (1996) to Ogg and Smith (2004)

Chinches Tc5 Man-07-54 Manantiales As above −5.86 −10.23 15.3 Recorrelation of local magnetostratigraphy of
Jordan et al. (1996) to Ogg and Smith (2004)

Chinches Tc6 Man-07-86 Manantiales S32° 5.40′
W69° 51.6′

−2.8 −10.86 9.74 Recorrelation of local magnetostratigraphy of
Jordan et al. (1996) to Ogg and Smith (2004)

Del Buey ED21 (laminar) Río Durazno S 28° 39.97′
W 67°42.42′

−0.68 −7.94 Middle Miocene
16–11.6

Dávila (2005), Barreda et al. (2006)

Del Buey ED21 (a) laminar Río Durazno As above −0.41 −7.2 Middle Miocene
16–11.6

Dávila (2005), Barreda et al. (2006)

Del Buey ED21 (b) laminar Río Durazno As above −1.15 −7.91 Middle Miocene
16–11.6

Dávila (2005); Barreda et al. (2006)

Del Buey ED21 (c) Río Durazno As above −0.4 −7.27 Middle Miocene
16–11.6

Dávila (2005), Barreda et al. (2006)

Del Buey ED21 NOD (nodular) Río Durazno As above −0.02 −7.82 Middle Miocene
16–11.6

Dávila (2005), Barreda et al. (2006)

Del Buey S02 Río Durazno S 28° 39.97′
W 67°42′

−0.26 −8.19 Middle Miocene
16–11.6

Dávila (2005), Barreda et al. (2006)

Del Abra S01 Río Durazno S 28° 39.40′,
W 67°42′

−2.27 −7.97 Middle Miocene
16–11.6

Dávila (2005), Barreda et al. (2006)

Del Abra S01D Río Durazno S 28° 39.40′,
W 67°42′

−2.15 −7.81 Middle Miocene
16–11.6

Dávila (2005), Barreda et al. (2006)

Del Abra FDA 1 Río Durazno As above −2.28 −6.95 Middle Miocene
16–11.6

Dávila (2005), Barreda et al. (2006)

Saguión El Simbolar MAS1 Río Saguión S 30° 33.99',
W 64°33.11'

−3.63 −7.5 Miocene–Pliocene? Gordillo and Lencinas (1979),
Bertolino et al. (2001)—no biostratigraphic constraint;
underlying unit is Cret. Miocene preferred by Bertolino
on basis of correlation with Parana ingression

Saguión El Simbolar MAS2 Río Saguión S 30° 33.99′,
W 64°33.11′

−4.23 −6.81 Miocene–Pliocene? Gordillo and Lencinas (1979),
Bertolino et al. (2001)—no biostratigraphic constraint;
underlying unit is Cret. Miocene preferred by Bertolino
on basis of correlation with Parana ingression
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(Barazangi and Isacks, 1976; Gutscher, 2002). The strata are located in
the eastern- and northwestern-most part of the Sierras Pampeanas
(northern Sierras de Córdoba and Famatina, respectively), its
northern extension into the Santa Barbara ranges, and in the Andean
Frontal Cordillera (Fig. 1). The Sierras Pampeanas and Santa Barbara
regions are characterized by a set of intermontane basins bounded by
faulted basement blocks referred to as the broken foreland basins of
the Central Andes (Jordan and Allmendinger, 1986; Jordan, 1995;
Ramos et al., 2002). By the middle Miocene these regions constituted
the external part of the foreland, including the interbulge and back-
bulge depozones (Dávila et al., 2007). In the Frontal Cordillera, in turn,
the middle Miocene Manantiales basin has been interpreted as a
proximal foredeep (Jordan et al., 1996), generated by the tectonic
loading of the Main Cordillera thrust belt.

The carbonate strata herein analyzed form part of the Saguión, Del
Buey and Del Abra, Anta and Chinches Formations, respectively
located in the Sierras de Córdoba, Famatina, Sierras de Santa Barbara,
and the Frontal Cordillera (see Fig. 1 and Table 1). It should be noted
that field reconnaissance of all units described in the literature as
“calcareous” in the study area (Fig. 1) was conducted by author Ruskin
in 2002 (see Ruskin, 2006). Apart from the units considered herein,
the only additional carbonate-rich unit encountered was a rhizolithic
paleosol member of the Late Tertiary Estratos de Los Llanos (Ezpeleta
et al., 2006; Ruskin, 2006).

The El Simbolar member (10–15m thick) of the Miocene–Pliocene
(Gordillo and Lencinas, 1979) Saguión Formation was interpreted as
marginal marine by Bertolino et al. (2001) on the basis of trace
fossils (particularly Diplocraterium dwelling burrows and Teichichnus
feeding burrows) and the presence of carbonate beds with thin
microstromatolites, which are characteristic of a tidal flat setting. Near
the Saguión river valley (S30° 34′,W64° 33′), buff-colored stromatolitic
units 2–3 m thick are interbedded with reddish fine sandstone,
sometimes transitioning laterally into bioturbated sands (Fig. 2). The
amount of bioturbation is variable, but tends to be concentrated in
sandier facies (Bertolino et al., 2001). The stromatolitic units (samples
MAS-1 and 2; see Table 1) are well-laminated, undulatory, and
structured as laterally linked hemispheroids, collectively suggestive of
a low-energy depositional environment. Algal bed thicknesses vary
from5-mm- laminae to friable layers up to 3 cm thick. The stromatolites
are interbedded with gypsum layers.

Tertiary carbonates in the Sierras de Famatina are exposed in the
middle Miocene Angulos Group, in the Durazno River valley (near S
28° 40′, W 67° 42′). The Angulos Group is a synorogenic colluvial–
alluvial sequence consisting of four units, from base to top, the Del
Abra, Del Buey, Santo Domingo and El Durazno Formations (Dávila,
2005), which are interpreted as coeval with the middle Miocene
Paranaense incursion (Dávila and Astini, 2003a). Several thin (20 cm)
limestone beds, and at least one which is thicker and more regionally
extensive, occur within the fluvio-lacustrine Del Buey Formation
(Fig. 2; Dávila, 2005; Barreda et al., 2006). The regionally extensive
bed (N5 km along strike; samples ED21 and S02) is 70 cm thick, and
shows both nodular and laminar structures, with bivalve fragments
and gastropods and a Scoyenia-like trace fossil association (Dávila,
2005). The carbonate is interbedded with braidplain and lacustrine
deposits. Analysis of microspores and algal material from an
underlying siltstone layer indicated freshwater lake and lacustrine
marginal environments, with no unequivocal remains of marine
origin (Barreda et al., 2006).

In the Santa Barbara ranges of Salta Province, the Miocene Anta
Formation (b15.9–14.2 Ma; Reynolds et al., 2000) has been proposed
to record marine influences from the Paranaense Sea on the basis of
several oolitic limestones correlated with foraminifera- and mollusk-
bearing units to the south and west (Río Salí and San José Formations,
respectively; Hernández et al., 2005). At the Quebrada de la Yesera (S
25° 12′, W 65° 45′, Fig. 2), five limestone beds occur within
approximately 40 m of well-laminated red and grey mudstones and

sandstones. Overlying a trough-cross bedded quartz-pebble conglom-
erate, the first carbonate bed (sample AJ-1) is ~20 cm thick. The
overlying 3 meters consist of coarse, cross-bedded or rippled
sandstone, some with mudcracks, and then approximately 10 m of
red mudstone. The next limestone bed (AJ-2) is b1 m thick and shows
oolitic textures with nuclei of well-rounded quartz grains, and it is
overlain by thin rippled sandstones. Three additional limestones
(each b1 m thick) are interbedded in the overlying 20 m of
redoximorphic and locally pedogenic mudstone (e.g. ped structure
development and illuvial horizons; Retallack, 2001). At Quebrada de
la Yesera, freshwater fish have been documented (Cione and
Casciotta, 1995), thus signifying freshwater lacustrine conditions
during at least part of the Anta interval. SE of the Quebrada de la
Yesera locality, the Anta Formation is also exposed near the town of
Alemania (S 25°36′W65° 36′). In this section it consists of 100–150 m
of extensively cross-bedded red sandstone with thin interbeds of
slightly pedogenic siltstone. The siliciclastic Anta strata include a tuff
dated 14.5±1.4 Ma (Reynolds et al., 2000). Thin carbonates (~1 m
each; sample AJ-3) occur approximately 100 m above the base and
exhibit laminations suggestive of algal accretion, as well as some
carbonate intraclasts and ooliths. At Río Piedras (approximately 80 km
to the northeast), the Anta Formation consists of claystones, inter-
bedded tuffs, and at least seven oolitic limestone beds (Quattrocchio
et al., 2003). Grains from the limestones include analcime, a sodic
aluminosilicate of the zeolite group, which is known to be present
insome alkaline and saline playa lake sediments (Quattrocchio et al.,
2003). The preserved pollen content of the section is also in accordwith
a saline lake depositional environment (Quattrocchio et al., 2003). Some
120 kmNEof Alemania, a 720 m section of Anta Formation is exposed at
Arroyo González, with no signs of marine lithofacies (Fig. 2; Reynolds
et al., 2000).

In the Manantiales basin, located in the Frontal Cordillera of the
south Central Andes (W 69° 45′; S 31° 45′–32° 30′), a section
dominated by detrital siliciclastics is referred to as the Chinches
Formation (Pérez, 2001). Detailed lithostratigraphic study of the
Chinches Formation (Pérez, 1995; Jordan et al., 1996; Pérez, 2001,
Fig. 2) characterizes four upward-coarsening cycles, each comprised
of a thin basal lacustrine interval of mudstones and limestones that
grades upward into fluvial sandstones, and finally capped by alluvial
fan/bajada sediments. The carbonate samples for this study were
collected from the group IV facies association of Jordan et al. (1996)
and Tc5 of Pérez (2001). Although there was a major disagreement in
the published stratigraphic thickness of the Chinches Formation
between the work of Jordan et al. (1996) and that of Pérez (1995,
2001) based on a difference in interpretation of the degree of
deformation in the section, new field observations by author Hoke
concur with Jordan et al. (1996) that the stratigraphic thickness totals
~3600 m. Within the Tc5 member, Pérez (1995) recovered a
palynological assemblage signifying a warm, dry climate associated
with shallow lacustrine sediments. However, within the same
interval, planispiral microforaminifera were found and interpreted
as marine. This occurrence prompted Pérez et al. (1996) and Pérez
(2001) to correlate this unit of the Chinches Formation with the
Paranaense ingression, resulting in the westernmost extent of the
inferred seaway. This unit has a particular interest for uplift analysis of
the Central Andes, given that it is exposed today at ~3 km above sea
level (Fig. 1). However the microforaminifera and dinoflagellate
specimens of Chinches Formation are poorly preserved and have
limited stratigraphic value (Ottone et al., 1998).

1.2. Marine versus lacustrine indicators

On the basis of mineralogy, sedimentology and stratigraphy, it is
challenging to differentiate marginal marine facies from lacustrine
facies (e.g. Vengosh et al., 1992; Bolhar and Kranendonk, 2007).
Among the different methods, paleontologic constraints are likely the
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best differentiators of nonmarine and marine settings, but still can lead
to contradictory interpretations. Although some fauna (e.g. corals,
echinoderms, articulate brachiopods, bryozoans and cephalopods) are
diagnostic of a narrow range of salinity conditions (“stenohaline”
organisms), certain other biota may be adapted to broad temperature
and salinity ranges that overlap environments. For example, the
presence of foraminifera, often presented as evidence of marine
conditions, is not a unique indicator of either salinity or water depth
(the parameters also used to define shallow epicontinental seaways;
Heckel, 1972; Johnson and Baldwin, 1986). Numerous species of
Quaternary foraminifera have adapted to large variations in the salinity
of Australian and Canadian lakes (e.g. Cann and de Deccker, 1981;
Patterson and McKillop, 1991; Boudreau et al., 2001). Foraminiferal
assemblages in shallow marine conditions also can adapt to variable
salinity (e.g. Fontes et al., 1985; Sellwood, 1986;Walsh, 2002).Without
constraints of the salinity tolerances of a particular species throughout
its fossil record, the presence (or absence) of foraminifera is not a robust
indicator of marine or freshwater conditions.

Although ichnofacies may assist in differentiating marine from
continental strata, it is difficult to interpret depositional systems from
incomplete trace associations and without an integrated analysis
considering lithofacies (e.g. Hasiotis, 2007). For example, in El Simbolar
Member of the Saguión Formation (see Bertolino et al., 2001), the
presence of Teichichnus, Phycodes and Rhizocorraliumwas interpreted as
evidence of sublittoral settings. Yet other ichnogenera in the El Simbolar
Member (Diplocraterium and Arenicoles) can be found in sandy
lacustrine shorelines (Skolithos ichnofacies) aswell as semi-consolidated
onshore strata (Glossifungites ichnofacies; Buatois and Mángano, 1998).

1.3. Stable isotopes

Chemostratigraphy is a preferred method to solve uncertainties of
paleogeography and paleoenvironments such as the Paranaense
deposits. Ratios of stable isotopes of carbon and oxygen provide a
means of assessing the depositional origin of carbonates in the
geologic record. Modern marine carbonates are generally character-
ized by δ13C and δ18O values near zero (a range of−2‰ to 2‰ versus
Peedee Belemnite standard, PDB, is common for both elements;
Ghosh et al., 2001; 0–3‰ in Hoefs, 2009). Moreover, the isotopic
composition of seawater throughout the Cenozoic is well known (e.g.
Veizer et al., 1999; Zachos et al., 2001). For the Miocene to Pliocene
time interval, global seawater δ13C ranges from +1 to +3 and δ18O
from −1.5 to +1‰ (Fig. 2). Isotopic values for various continental
and marine carbonates have been assembled in Fig. 3 to be compared
with our results. Continental carbonates possess C and O isotopic
ratios that are affected by mixing of water from different sources with
distinctive isotopic fractionation values (e.g. meteoric waters, conti-
nental runoff, marine waters), which are challenging to constrain in
the geologic record (Vonhof et al., 2003; Bolhar and Kranendonk,
2007). The δ13C isotopic signatures for freshwater carbonates are
generally depleted by −6 to −12‰ compared with those of marine
carbonates due to influx of low δ13C from CO2 derived from soil
respiration or organic matter degradation and meteoric sources. δ13C
values for lacustrine waters shift toward negative values in response
to short residence times (e.g. open hydrologic conditions; Talbot,
1990). Oxygen isotopic ratios are quite susceptible to environmental
alteration because they are affected by temperature, evaporation,
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Fig. 3. δ13C and δ18O isotopic values of carbonates sampled in this study as compared with fields for various Miocene to Recent nonmarine and marine water and carbonate systems,
after: 1. Milliman, 1974; 2. Longinelli and Edmond, 1983; 3. Talbot, 1990; 4. Talbot, 1994; 5. Veizer et al., 1999; 6. Zachos et al., 2001; 7. Garzione et al., 2006; 8. Uba et al., 2009; 9.
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seasonality of precipitation, latitude, and continentality (e.g. Cerling
and Quade, 1993). Talbot (1990) showed that lacustrine water δ18O
shifts toward positive values in response to increasing evaporation
and residence time, whereas increasing latitude, altitude and
continentality result in more negative values. We can qualitatively
address the likelihood of a marine versus continental paleoenviron-
ment based on comparison of the new Sierras Pampeanas and NW
Argentina data to compiled isotopic results from well-constrained
depositional systems (Fig. 2, compiled from Milliman, 1974; Hudson,
1977; Talbot, 1990, 1994; Veizer et al., 1999; Zachos et al., 2001;
Garzione et al., 2006; Uba et al., 2009). We can also consider the likely
isotopic values of a three end-member water system of Miocene
seawater, Andean freshwater and cratonic freshwater (Longinelli and
Edmond, 1983; Veizer et al., 1999; Zachos et al., 2001; Hoke et al.,
2009). We also include values from Holocene shelly faunas of the Rio
de la Plata estuary (Aguirre et al., 1998), which might represent a
good comparison because of geographic proximity and because this
was likely the ancient inlet of theMiocene Paranaense sea tongue (see
Hernández et al., 2005).

There are, however, exceptions to the general trend of positive or
near-zero marine isotopic values and negative (depleted) freshwater
isotopic signatures. For example, saline waters may be enriched in
δ13C up to +13‰ PDB in settings where evaporative brines, anoxic
sediments, diagenetic CO2, travertine minerals or methane inputs are
concentrated (e.g. Valero-Garcés et al., 1999). Conversely, it is
possible for marine carbonates to yield negative isotopic values in
response to restricted circulation, meteoric input, coastal runoff, and
local-scale carbon cycle processes (e.g. Patterson and Walter, 1994;
Gomez et al., 2007; Hoefs, 2009). Recently, Uba et al. (2009)
interpreted marginal marine conditions for intervals of the Yecua
formation with δ13C values of −2 to −8‰ PDB and δ18O=−5 to
−11.5‰ PDB, but corresponding to beds with barnacles, stromato-
lites, foraminifera and Ophiomorphia ichnofossils. As with all of the
above tools for paleoenvironmental interpretation, C and O isotopic
values should corroborate other lines of evidence, not be taken alone
as evidence of marine or nonmarine deposition.

2. Methods and materials

We sampled 18 limestone beds from 5 formations in the Sierras
Pampeanas and Frontal Cordillera, some of them interpreted by
previous investigators as lacustrine or marginal marine deposits. The
locations and coordinates of the sample localities are depicted in Fig. 1
and Table 1 respectively. The samples provided materials for thin
section examination and for stable isotopic (δ13C and δ18O) analysis.
In order to interpret the isotopic signal as either a primary feature of
the depositional environment or as diagenetic secondary signals, we
carried out petrographic screening in order to determine component
microfacies and to aid in paleoenvironmental analysis. Thin sections
were prepared by Spectrum Petrographics (Vancouver, WA) and by
the authors at CENAC (CICTERRA-Universidad Nacional de Cordoba)
and subsequently studied with a binocular microscope under plane-
and cross-polarized light at magnifications of 4x to 40x.

For stable isotopic analysis, most of the micritic carbonate samples
were analyzed at the University of Colorado Institute of Arctic and
Alpine Research Stable Isotope Lab with a dual inlet Finnegan MAT
Delta Plus mass spectrometer. Results are given in delta notation
relative to the Vienna Pee Dee Belemnite standard (V-PDB), where
δsample=[(Rsample /RV-PDB)−1]×100, with precision better than 0.1‰
for both carbon and oxygen. Micritic calcite was utilized for isotopic
analyses (see below). An additional 5 samples from Famatina (Dávila,
2003, unpublished PhD thesis) and 5 from Frontal Cordillera are
included in this work. The Famatina carbonates were analyzed for
stable isotopic ratios at the Geological Institute of the Swiss Federal
Institute of Technology (Zurich), whereas the Frontal Cordillera
samples were analyzed at the University of Rochester Stable Isotope

Laboratory on a Thermo-Finnegan Delta XP with a gas bench
peripheral. Results on the individual analyses reported here all have
analytical precision of ≤0.1‰. However, several replicate analyses of
samples MAN-07-50 (n=4, 1σ δ13C=0.3‰, σ δ18O=0.8‰) and
MAN-07-86 (n=3, 1σ δ18O=0.9‰) yield higher uncertainties than
single analyses.

2.1. Analysis

2.1.1. Petrography and sedimentology
In Famatina, the carbonates of the Del Buey Formation can be

separated into two different facies: (a) nodular carbonates (sample
ED21 NOD) and (b) laminar carbonates (samples ED21a,b, c and SO-2).
The nodular limestones were interpreted as pedogenetic calcretes,
based on calcitic rhizonconcretions and rhizoliths, prismatic structures
and peds (Dávila, 2005), which indicate illuvial–eluvial processes,
typical of pedogenesis (Retallack, 2001). The laminar carbonates, in
turn, represent a tabular and laterally extensive facies, formed of thin
(1–3 mm) and convex (amplitude b30 mm and wavelength b20 cm)
lamination. Viamicroscopy, the laminae reveal analternationof peloidal
packstones (b100 μm pellet diameter) and agglutinated micrite
(grumeleuse structure of Demicco and Hardie, 1994). The micrite and
microsparite and the grumeleuse-clotted structure were interpreted as
cryptomicrobial fabrics (Demicco and Hardie, 1994). Further evidence
of organic activity is represented by bioturbation and brackish-water
bivalves (Corbicula; Ituarte, 1994). Abundantmeniscate burrow fills are
interpreted as Scoyenia ichnofacies. This ichnofacies is commonly
developed at the margins of water bodies. The carbonate strata are
associated with proximal alluvial deposits (conglomerates and sand-
stone sheet-flood beds), which most likely signify a terrestrial origin
(Dávila, 2005).However, Dávila (2005) andBarreda et al. (2006) did not
discard the possibility of a marginal marine setting due to the age
correlation with the Paranaense incursion.

A thin section of a rock sample from the limestone bed in the upper
Del Abra Formation (SO1), in Famatina, revealed a primary micritic
matrix (90–95%) with some amorphous hematite accumulations.
Framework grains included subhedral twinned and zoned plagioclase
with edges altering to clay, anhedral micas, and sparry calcite, the latter
appearing as skeletal fragments and concentrated in elongate zones.
Abundant gastropods are present in this level in outcrop; however, in
thin section, skeletal fragments comprise b1% of the area. The overlying
Del Buey Formation sample (SO-2)wasobserved tobeof similarmicritic
composition to the Del Abra sample (SO-1), albeit with a greater quartz
content (15–20%). The abundance of micritic carbonate as groundmass
mineral in these samples is in accord with deposition in quiet-water
conditions where winnowing of fine-grainedmaterial (e.g. by waves or
bottom-currents) was minimal. Micritic calcite is also inferred to be a
primary precipitate and appropriate for isotopic analyses.

Samples from the Saguión Formation stromatolitic facies (MAS-1,
MAS-2) in the Sierras de Córdoba, were analyzed for micromorphic
characteristics. Under cross-polarized light and 10x magnification,
mudstone laminations are found to be predominantly micritic carbon-
ate andmudwith accessorymuscovite grains visible. Minor amounts of
chlorite are also present in the groundmass. Of the calcareous
groundmass, minor sparite recrystallization (5–10%) was observed on
some boundaries of laminations with quartz grains. These areas were
correspondingly avoided in favor of primary micritic calcite for isotopic
analyses.

For the samples from the middle Miocene Anta Formation, the
most prevalent micromorphic features are subspherical mature ooids.
Sample AJ-1 is predominantly micritic mudstone, with patchy spar
replacement (b5% area) and occasional peloidal accumulations.
Sample AJ-2 appears oolitic in thin section, as in outcrop. Subrounded
to well-rounded quartz grains exist both as ooid nuclei and ‘floating’
in the micritic mud matrix, where they are somewhat larger in
diameter (0.75 mm) than the ooids themselves (~0.5 mm). Note that
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insufficient carbonate material was obtained from this sample for
isotopic analysis. Sample AJ-3 consists of ~70% micritic mud, ~20%
subhedral quartz and opaque minerals and ~10% relict ooids and
peloids lacking the strong form and abundance of sample AJ-2.
Sparitic calcite orthochems were not observed in AJ-3.

The abundance of micritic carbonate as groundmass mineral in
samples from the Anta and Saguión Formations is in accord with
deposition in quiet-water conditions where winnowing of fine-
grained material (e.g. by waves or bottom-currents) was minimal.
Micritic calcite is also inferred to be a primary precipitate. The sparry
calcite observed in sample MAS-2 is in association with the coarser-
grained quartzose laminations as a cement phase, whereas sparite
within the otherwise micritic groundmass (e.g. AJ-1) may represent
diagenetic replacement or secondary void fill.

In the Manantiales Basin, carbonate beds within the Chinches
Formation have been correlated to the magnetostratigraphy of Jordan
et al. (1996; Fig. 2). In a facies association of Jordan et al. (1996),
previously interpreted as lacustrine with possible deltaic influence,
samples MAN-07-50 and MAN-07-51 are carbonate nodules from a
calcic argilliosol and calcic protosol, respectively. Directly above, a 50 cm
thick massive grey limestone (MAN-07-052) partially grades into an
overlying 50 cm thick,massive, red calcareousmudstone (MAN-07-53).
MAN-07-54 comes from an organic matter rich calcareous siltstone,
40 m above the limestone. Approximately 1375 m up in the section, a
single 20 cm thick limestone bed, MAN-07-86, is exposed between
meter-thick green siltstones.

2.1.2. Isotopic data
Carbon and Oxygen isotopic results from the Anta, Chinches, Del

Abra, Del Buey, and Saguión Formations are summarized in Table 1 and
compared to isotopic fields defined for various carbonate-precipitating
environments (Fig. 3). Note that all of the samples are characterized by
negative values (i.e. depleted relative to PDB standard) for both isotopic
systems.

Within the strata in the Famatina Ranges, a small enrichment in
δ13C values occurs upsection between the Del Abra and Del Buey
Formations, though both units are still depleted in comparison to
standard marine carbonate values. The Del Abra Formation samples
yield a small range of δ13C values, from −2.15 to −2.28‰. The range
of δ18O values is slightly larger, from −6.95 to −7.97‰. Samples
collected upsection within the Del Buey Formation exhibit the least
depleted δ13C signals (−0.02 to −1.15‰), whether from laminar or
nodular accumulations. Note the most depleted value (−1.15‰) is
from a darker grey level (ED21 b) interlayered with lighter grey layers
(ED21 a and c). The δ18O values of the six Del Buey Formation samples
are again within a small range (−7.2 to −8.2‰) and comparable to
the Del Abra Formation values.

The stromatolitic carbonates from the Saguión Formation exhibit
greater depletion of δ13C (−3.63‰ to −4.23‰) values. The samples
δ18O values are again similar, from −6.81‰ to −7.51.

Isotopic analyses of two of the Anta Formation oolitic limestones
from Salta Province yield the least depleted δ18O values (−1.45 to
−3.55‰) of all sampled units, but also the most depleted δ13C values
(−6.22 to −6.72‰).

The 5 samples from the Chinches Formation of the Manantiales
Basin exhibit the most depleted δ18O values (−10.23 to−12.59‰) of
the sampled units. Chinches Formation δ13C values (−2.8 to
−5.86‰) are depleted similar to those of the other carbonate units.

3. Discussion

By comparison with other isotopic studies of marine and
nonmarine carbonates (Fig. 3), the Miocene limestones sampled in
this study yield δ13C and δ18O values comparable to those recorded for
nonmarine environments.

δ13C values of Del Buey Formation are only slightly depleted from
common values for marine carbonates, but are depleted by −7.2 to
−7.9‰ with respect to δ18O. The Del Buey samples plot in a field
similar to those observed in modern open lakes (Fig. 3). As mentioned
above, since lacustrine water δ18O values shift toward negative values
in response to increasing latitude, altitude and continentality and
since hydrologically open lakes commonly have small variation
among δ18O values (Talbot, 1990), it is likely that the Del Buey
carbonates reflect hydrologically open lakes receiving an influx of
isotopically depleted (i.e. meteoric and fluvial) waters. The difference
of carbon isotopic composition between sample ED21b as compared
to ED-21a and ED21c is likely related to the contrast in organic
productivity as might be inferred from the color of the laminations.
δ13C values may have been enriched via evaporation during periods of
hydrologic closure. This is in agreement with the depositional
interpretation by Dávila (2005) and Barreda et al. (2006) of a
continental playa lake, based on associated pedogenic carbonates
(ED21-Nod), interbedded braidplain silts and sands and associated
palynology.

The Del Abra carbonate isotopic values are similar to those
obtained from other Miocene lakes as well as modern hydrologically
open lakes. As with the overlying Del Buey samples, δ18O values vary
slightly between samples, suggesting hydrologic through-flow of
depleted (i.e. continental) source waters. Because the Famatina belt
was concurrently uplifting (e.g. Dávila and Astini, 2007), depletion of
δ18O may also be due to Raleigh distillation of atmospheric water
vapor as a result of increasing altitude/decreasing air-mass temper-
ature (e.g. Siegenthaler and Oeschger, 1980). Greater depletion of
δ13C versus the overlying unit may be a consequence of a shorter
residence time or difference in vegetative cover or overall humidity
within the catchment area (Talbot, 1990). These samples were taken
from a formation in which colluvial and proximal alluvial facies
interfinger (Dávila, 2005).

The stromatolitic carbonates of the Saguión Formation in the
central Sierras Pampeanas yield isotopic values comparable to other
Miocene stromatolites (e.g. Talbot, 1994). The depleted values are also
comparable to lacustrine carbonates. It should be noted that the
Saguión Formation isotopic values are within the range defined as
“marginal marine” for the Yecua Formation of Bolivia (Uba et al.,
2009) from Yecua horizons that include not only stromatolites but
also additional saline-water fossils and ichnofossils. As will be
discussed below, the presence of stromatolites does not preclude a
saline lake origin.

The isotopic values recorded in the Anta Formation carbonates,
though depleted, are more ambiguous in the context of depositional
environmental interpretation. As an approximation of isotopic values
expected in a mixed system of potential marine and freshwater
sources, a three end-member system of δ13C and δ18O for present-day
Andean runoff, Brazilian cratonic runoff and Miocene seawater is
proposed (Fig. 3; Longinelli and Edmond, 1983; Veizer et al., 1999;
Zachos et al., 2001). These are proxy values (e.g. continental source
isotopic compositions are not constrained for the Miocene) and to
know the proportion of water mixing would require 87Sr/86Sr ratios
(e.g. Hulka, 2005). However, their mixing model may be appropriate
for comparison to the Anta Formation samples, in that this is the
northernmost of the sites and closest to the Brazilian cratonwhere the
mixing model was calibrated. If any of our sample locations were
interconnectedwithmarine incursions in western Amazonia, the Anta
locations have the greatest likelihood. Indeed, the Anta isotopic values
do plot within the mixing polygon and are somewhat closer to the
marine end-member than continental sources (Fig. 3). It is notewor-
thy that the Anta Formation δ13C values (−6.22 to−6.72‰) are quite
similar, even though the strata fromwhich the samples were collected
45 km apart and not physically connected. This could indicate a well-
mixed system receiving a large fraction of isotopically “uniform”

source water. Therefore, isotopic values of Anta Formation do not
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entirely preclude the possibility that the bodies of water that
precipitated the carbonates may have received influx from a marine
source, which would tend to drive values toward zero per mil.

The Chinches Formation carbonates have the most depleted δ18O
values, plotting in a range similar to that of modern open lakes. The
inter-sample variability of δ18O is small (b2.4‰) and combined with
depleted δ13C values, these carbonates are interpreted to reflect
continental runoff waters with short residence times. The very negative
δ18O values imply that the source of meteoric waters is from an area of
mountainous terrain. Today, at the latitude of the Chinches Formation,
meteoricwater in the lowelevation plains on both sides of the range has
values of approximately−5‰ (IAEA/WMO, 2006). The younger sample
(MAN-07-86, 10.1 Ma) is somewhat less depleted in δ13C (−2.8‰)
versus the four samples dated ~14 Ma, albeit with comparably depleted
δ18O (−10.68‰). This may reflect increasingly evaporitic or restricted
lakes upsection within the Chinches Formation.

On the basis of our results, it is prudent to affirm that further isotopic
studies are needed to constrain Miocene δ13C and δ18O values from
Andean freshwater and cratonic runoff, as well as 87Sr/86Sr ratios for
these sources and for any included microfossil content in order to
determine the proportion ofmixture between thewater inputs. The use
of trace elements such as Boron can also differentiate marginal marine
from continental conditions (e.g., Vengosh et al., 1992; Aguirre et al.,
1998).Nonetheless, all of the analyzed samples are isotopically depleted
with respect tomarine carbonates and seawater, andmost critically, are
not associated with any unambiguously marine sedimentologic or
paleontologic indicators.

A marine origin for these Neogene intervals in the Sierras
Pampeanas, Santa Barbara systemand Frontal Cordillera is questionable
for numerous reasons. First, the facies associations and vertical
organization of facies of the calcareous beds do not show a typical
arrangement of transgressive sequences. Limestones are restricted to
meter-thick beds amidmuch thicker alluvial to fluvial successions (e.g.,
Dávila, 2005). They are not laterally traceable into deeperwater facies in
the central Sierras Pampeanas intermontane basins, nor are carbonates
of distinctly marine facies encountered in well cuttings (e.g. Alvarez
et al., 1989; Fisher et al., 2002). Secondly, the sedimentologic features of
the proposed carbonates (bioturbated mudstones, algal bioherms,
oolitic and laminar carbonates) are not uniquely diagnostic of a littoral
depositional setting. These features are also commonly found inmodern
and ancient lacustrine settings (Dean and Fouch, 1983; Allen and
Collinson, 1986). In fact, detailed sedimentological and palynological
examination of the Del Buey Formation led to reinterpretation of the
continuous laminar carbonate beds as perennial lake deposits (Dávila,
2005; Barreda et al., 2006). Furthermore, there is a complete absence of
any tidal features described for any of these units so far, though
admittedly the tidal range in ancient epicontinental seaways is subject
to debate (e.g. Higgs et al., 2006).

Third, the fossil assemblages do not unequivocally support marine
conditions. Freshwater fish collected in the Anta Formation make a
marine origin for at least some of the limestone beds particularly
suspect. Other fossils collected from the proposed “Paranaense” units
are foraminifera, which have been shown to be present in lacustrine
systems and tolerant of variable salinity water (Cann and de Deccker,
1981; Patterson and McKillop, 1991; Boudreau et al., 2001). Without
supporting data to confirm the range of paleotemperatures and
paleosalinities in which these species could live, marine influence
cannot be assured based only on the presence of foraminifera. A similar
argument holds for the use of trace fossils, whereby fairly complete
ichnofacies and detailed descriptions are needed for confident paleoen-
vironmental interpretation. Fourth, based on δ13C and δ18O isotopic
values, a lacustrine origin is interpreted as more likely than marginal
marine deposition.

If the Sierras Pampeanas and Frontal Cordillera Neogene carbonate
horizons are not of marine origin, what is their sedimentological and
isotopic significance? The carbonate units of the Del Buey, Anta,

Chinches and Saguión Formations are lithologically unique compared
to the Tertiary stratigraphy of their areas. These limestones are
interbedded with laminar and often pedogenic siltstones and mud-
stones (e.g. Dávila and Astini, 2003a; Dávila, 2005; Barreda et al., 2006)
or lacustrine deposits (e.g. Quattrocchio et al., 2003). It is suggested that
these middle Miocene lacustrine intervals in the northern and central
Sierras Pampeanas were formed under a climate that was more humid
than in earlier Neogene times. In Famatina, palynological studies
(Barreda et al., 2006) interpreted subtropical conditions during the
middle Miocene (deposition of the Del Buey Fm). This evidence is in
accordwith depletedO isotopesvalues, close to−8‰ (see ED21, ED21a,
b, c and d). A change from semiarid tomore humid conditionswould be
indicated also by contrasting the relatively enriched Del Buey δ13C
values (−0.02 to −1.1‰) with the depleted values (−2.2‰) of the
underlying Del Abra. It is important to note that overlying the Del Buey
Formation, a thick eolian succession (Santo Domingo Formation, Dávila
and Astini, 2003b) is evidence of the return to relatively arid conditions
(Dávila and Astini, 2003b) which have dominated the Andean foreland
to the Present. Cessation of eolian deposits at 14 Ma in the Bermejo
Basin, south of Famatina, has been interpreted as a paleoclimate change
to less arid conditions (Jordan et al., 2001). Similar lithologic as well as
paleontologic shifts 15-10 Ma from arid to humid conditions have been
suggested in northwestern Argentina (Hernández et al., 1999; Starck
and Anzótegui, 2001; Strecker et al., 2007).Whether these sedimentary
systems were responding to local climate changes driven by Andean
orogeny or to global changes is still debated (e.g. Alonso et al., 2006).
However, they are of the same age as a major episode of global oceanic
cooling, beginning ~14 Ma (Zachos et al., 2001). AmiddleMiocene δ18O
increase is associated with deep-water cooling and two ice-growth
events that resulted in the development of the present East Antarctic ice
sheet (Shackleton and Kennett, 1975).

Regarding the limestone beds of Sierras Pampeanas and the
Cordillera as more compatible with lacustrine settings, a flat
paleotopography may be deduced for the Middle Miocene foreland
paleogeography. This is consistent with recent work (e.g., Dávila et al.,
2007) that suggests a planation stage and development of forebulge to
back-bulge depocenters in this part of the foreland, prior to Mio-
Pliocene foreland partitioning and formation of the broken foreland
landscape. We infer that the middle Miocene foreland, where the
Sierras Pampeanas region is now located, was more elevated than
surrounding regions where the transgression had influence (e.g.
eastern Argentina in the subsurface Pampean Plains). This might
relate to a thicker Sierras Pampeanas crust inherited from earlier
orogenies or alternatively to a middle Miocene surface uplift, likely
related to mantle dynamic processes driven by slab flattening (i.e.
“positive” dynamic topography). The latter conclusion is in agreement
with recent numerical approaches in the Sierras de Cordoba and the
Argentine Pampas (Dávila et al., 2010), which have proposed dynamic
uplift across the Andes to the Sierras Pampeanas and dynamic
subsidence along the Pampas plains. A similar scenario has been
described in Peru, where subduction of the Nazca ridge, associated
with flat subduction, triggered the formation of the Fitzcarrald Arch, a
positive topographic feature more elevated than the Amazonian
foreland (Regard et al., 2009).

4. Conclusion

Given our observations and summary of available datasets, it
seems that although parts of eastern and southern Argentina were
certainly inundated by the Paranaense seaway during the Miocene,
we find no evidence that marine water flooded the coeval Andean
foreland, in the Sierras Pampeanas and the Frontal Cordillera of
central Argentina. A period of climatic change resulting in regional
lacustrine deposition is equally likely. Until more substantive
evidence supporting marine deposition can be found, we reject
correlation of the Saguión, Anta, Chinches and Del Buey Formations
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with the Paranaense seaway and caution against broadly mapping the
flooding into the central Sierras Pampeanas and the Cordillera.

Acknowledgements

NSF Pilot Study EAR-0125274 to T.E. Jordan supported fieldwork in
Argentina. SECyT,CONICET and FONCyT funded works by F.M. Dávila
(FMD) and R.A. Astini. FMD thanks Marie Curie Actions ERC IIF FP7.
Hoke's contribution to this study was supported by NSF International
Research Fellowship Program grant OISE-0601957. Many thanks to
our colleagues Luis Alvarez, Silvana Bertolino, and Roberto Hernández
for accompanying us in the field and thoughtful discussions of the
themes of this paper.We also thank Cornelius Uba for discussion of his
parallel studies. Federico Martina greatly assisted Ruskin (BGR) with
fieldwork and logistics. Bruce Vaughn (INSTAAR) coordinated isotopic
analyses for BGR. Eduardo Piovano assisted with isotopes analysis for
FMD. David Reed assisted with figure preparation.

References

Aguirre, M.L., Leng, M.J., Spiro, B., 1998. Variation in isotopic composition (C, O and Sr)
of Holocene Mactra isabelleana (Bivalvia) from the coast of Buenos Aires, Province,
Argentina. The Holocene 8, 613–621.

Allen, P.A., Collinson, J.D., 1986. Lakes, In: Reading, H.G. (Ed.), Sedimentary Environments
and Facies, 2nd Ed. Blackwell Scientific Publishing, Oxford, pp. 63–94.

Alonso, R., Carrapa, B., Coutand, I., Haschke, M., Hilley, G., Schoenbohm, L., Sobel, E.R.,
Strecker, M.R., Trauth, M.H., Villanueva, A., 2006. Tectonics, climate, and landscape
evolution of the Southern Central Andes: the Northwest Argentine Andes between
22 and 28° S lat. In: Oncken, O., Chong, G., Franz, G., Giese, P., Götze, H.-J., Ramos, V.,
Strecker, M., Wigger, P. (Eds.), Deformation processes in the Andes: Frontiers in
Earth Sciences Monograph Series, 1, pp. 265–283.

Alvarez, L.A., Bolatti, N.D., Fernandez-Seveso, F., Perez, M.A., 1989. Interpretacion del
subsuelo en los bolsones de Sierras Pampeanas en base de a la informacion geofisica
disponible y geologia de superficie. Comisión Geológica No. 3. Departamento
Geologico Cuyo. 21 pp.

Barazangi, M., Isacks, B.L., 1976. Spatial distribution of earthquakes and subduction of
the Nazca plate beneath South America. Geology 4, 686–692.

Barreda, V.D., Ottone, E.G., Dávila, F.M., Astini, R.A., 2006. Edad y paleoambiente de la
Formación del Buey (Mioceno), sierra de Famatina, la Rioja, Argentina: evidencias
sedimentológicas y palinológicas. Ameghiniana 43, 215–226.

Bertolino, S.R., Poire, D.G., Carignano, C., 2001. Primer registro de sedimentitas marinas
terciarias aflorantes en las Sierras Pampeanas de Córdoba, Argentina. Revista de la
Asociación Geológica Argentina 55, 121–124.

Bolhar, R., Kranendonk, R.J., 2007. A non-marine depositional setting for the northern
Fortescue Group, Pilbara Craton, inferred from trace element geochemistry of
stromatolitic carbonates. Precambrian Research 155, 229–250.

Bossi, G.E., Palma, R., 1982. Reconsideración de la estratigrafia del Valle de Santa María,
provincial de Catamarca, Argentina. V Congreso Latinoamericano de Geología,
Buenos Aires, Actas, I, pp. 155–172.

Boudreau, R.E.A., Patterson, R.T., Dalby, A.P., McKillop, W.B., 2001. Non-marine
occurrence of the foraminifer Cribroelphidium gunteri in northern Lake Winnipe-
gosis, Manitoba, Canada. Journal of Foraminiferal Research 31, 108–119.

Buatois, L.A., Mángano, M.G., 1998. Trace fossil analysis of lacustrine facies and basins.
Palaeogeography, Palaeoclimatology, Palaeoecology 140, 367–382.

Cahill, T., Isacks, B.L., 1992. Seismicity and shape of the subducted Nazca plate. Journal
of Geophysical Research 97, 17,503–17,529.

Camacho, H.H., 1967. Las transgresiones del Cretácico Superior y Terciario de la
Argentina. Revista de la Asociación Geológica Argentina, XXII, pp. 253–280.

Cann, J.H., de Deccker, P., 1981. Fossil Quaternary and living foraminifera from athalassic
(non-marine) saline lakes, Southern Australia. Journal of Paleontology 55, 660–670.

Cerling, T.E., Quade, J., 1993. Stable carbon and oxygen isotopes in soil carbonates. In:
Stuart, P.K., Lohmann, K.C., McKenzie, J., Savin, S. (Eds.), Climate change in
continental isotopic records: American Geophysical Union, Geophysical Mono-
graph, 78, pp. 217–231.

Cione, A.L., Casciotta, J.R., 1995. Freshwater teleostean fishes from the Miocene of the
Quebrada de la Yesera, Salta, Northwestern Argentina. Neues Jahrbuch für Geologie
und Paläontologie Abhandlungen 196, 377–394.

Dávila, F.M., 2003. Transecta estratigráfica-estructural a los 28°30'-28°54' de Latitud
Sur, sierra de Famatina, provincia de La Rioja, República Argentina. Tesis doctoral,
Facultad de Ciencias Exactas, Físicas y naturales, Universidad Nacional de Córdoba.

Dávila, F.M., 2005. Revisión estratigráfica y paleoambientes del Grupo Angulos
(Neógeno), sierra de Famatina, La Rioja, Argentina; y su significado en el contexto
del antepaís fragmentado. Revista de la Asociación Geológica Argentina 60, 32–48.

Dávila, F.M., Astini, R.A., 2003a. Early Middle Miocene broken foreland development in
the southern Central Andes: evidence for extension prior to regional shortening.
Basin Research 15, 379–396.

Dávila, F.M., Astini, R.A., 2003b. Las eolianitas de la sierra de Famatina (Argentina):
Interacción paleoclima-tectónica en el antepaís fragmentado andino central
durante el Mioceno Medio? Revista Geológica de Chile 30, 187–204.

Dávila, F.M., Astini, R.A., 2007. Cenozoic provenance history of synorogenic conglom-
erates in western Argentina (Famatina belt): Implications for Central Andean
foreland development. Geological Society of America Bulletin 119, 609–622.

Dávila, F.M., Astini, R.A., Jordan, T.E., 2005. Cargas subcorticales en el antepais andino y
la planicie panpeana: evidencias estratigráficas, topográficas y geofísicas. Revista
de la Asociación Geológica Argentina 60, 775–786.

Dávila, F.M., Astini, R.A., Jordan, T.E., Gehrels, G., Ezpeleta, M., 2007. Miocene forebulge
development previous to broken foreland partitioning in the southern Central
Andes, west-central Argentina. Tectonics 16, TC5016. doi:10.1029/2007TC002118.

Dávila, F.M., Lithgow-Bertelloni, C., Giménez, M., 2010. Tectonic and dynamic controls
on the topography and subsidence of the Argentine Pampas: the role of the flat slab.
Earth and Planetary Science Letters 295, 187–194.

Dean, W.E., Fouch, T.D., 1983. Lacustrine environment. In: Scholle, P.A., Bebout, D.G.,
Moore, C.H. (Eds.), Carbonate Depositional Environments: American Association of
Petroleum Geologists Memoir, 33, pp. 97–130.

Del Rio, C.J., Martínez, S.A., Scasso, R.A., 2001. Nature and origin of spectacular marine
Miocene shell beds in Northeastern Patagonia (Argentina): paleoecological and
bathymetric significance. Palaios 16, 3–25.

Demicco, R.V., Hardie, L.A., 1994. Sedimentary structures and early diagenetic features
of shallow marine carbonate deposits. Society of Economic Paleontologists and
Mineralogists Atlas Series, 1. 255 pp.

Ezpeleta,M., Dávila, F.M., Astini, R.A., 2006. Estratigrafía y paleoambientes de la Formación
Los Llanos (La Rioja): una secuencia condensadaMiocena en el antepaís fragmentado
andino central. Revista de la Asociación Geológica Argentina 61, 171–186.

Fisher, N.D., Jordan, T.E., Brown, L., 2002. The structural and stratigraphic evolution of the
La Rioja basin, Argentina. Journal of South American Earth Sciences 15, 141–156.

Fontes, J.Ch., Gasse, F., Callot, Y., Plazia, J.-C., Carbonel, P., Dupeuble, P.A., Kaczamarska,
I., 1985. Freshwater to marine-like paleoenvironments from Holocene lakes in
northern Sahara. Nature 317, 608–610.

Garzione, C.N., Molnar, P., Libarkin, J.C., MacFadden, B.J., 2006. Rapid late Miocene rise of
the Bolivian Altiplano: evidence for removal of mantle lithosphere. Earth and
Planetary Science Letters 241, 543–556.

Ghosh, P., Bhattacharya, S.K., Chakrabarti, A., 2001. Stable isotopic studies of microbial
carbonates fromTalchir sediments of east-central India. CurrentScience 80, 1326–1330.

Gomez, F.J., Ogle, N., Astini, R.A., Kalin, R.M., 2007. Paleoenvironmental and carbon-
oxygen isotope record of Middle Cambrian carbonates (La Laja Formation) in the
Argentine Precordillera. Journal of Sedimentary Research 77, 826–842.

Gordillo, C.E., Lencinas, A.N., 1979. Sierras Pampeanas de Córdoba y San Luis. Geología
Regional Argentina, I. Academia Nacional de Ciencias, Córdoba, pp. 577–650.

Gutscher, M.-A., 2002. Andean subduction styles and their effect on thermal structure
and interplate coupling. Journal of South American Earth Sciences 15, 3–10.

Haq, B.U., Hardenbol, J., Vail, P.R., 1987. Chronology of Fluctuating sea levels since the
Triassic (250 million years ago to present). Science 235, 1156–1167.

Hasiotis, S.T., 2007. Continental ichnology: fundamental processes and controls on trace
fossil distribution. In: Miller III, W. (Ed.), Trace Fossils: Concepts, Problems, Prospects.
El Sevier, pp. 262–278.

Heckel, P.H., 1972. Recognition of ancient shallow marine environments. In: Rigby, J.K.,
Hamblin, W.K. (Eds.), Recognition of ancient sedimentary environments: Society of
Economic Paleontologists and Mineralogists Special Publication, 18, pp. 226–286.

Hernández, R.M., Galli, C.I., Reynolds, J., 1999. Estratigrafía del Terciario en el noroeste
Argentino. In: Bonorino, G.G., Omarini, R., Viramonte, J. (Eds.), Geología del
Noroeste Argentino, Salta Relatorio XIV Congreso Geológico Argentino, v. I.
Asociación Geológica Argentina, pp. 316–328.

Hernández, R.M., Jordan, T.E., Farjat, A.D., Echevarría, L., Idleman, B.D., Reynolds, J.H.,
2005. Age, distribution, tectonics and eustatic controls of the Paranense and
Caribbean marine transgressions in southern Bolivia and Argentina. Journal of
South American Earth Sciences 19, 495–512.

Higgs, R., Wells, M.R., Allison, P.A., Piggott, M.D., Pain, C.C., Hapson, G.J., de Oliveira, C.R.
E., 2006. Discussion on large sea, small tides: the Late Carboniferous seaway of NW
Europe. Journal of the Geological Society 163, 893–895.

Hoefs, J., 2009. Stable Isotope Geochemistry6th Edition. Springer-Verlag, Berlin.
Hoke, G.D., Garzione, C.N., Araneo, D.C., Latorre, C., Strecker, M.R., Williams, K.J., 2009.

The stable isotope altimeter: do Quaternary pedogenic carbonates predict modern
elevations? Geology 37, 1015–1018.

Hoorn, C., 1993. Marine incursions and the influence of Andean tectonics on the
Miocene depositional history of northwestern Amazonia: results of a palynos-
tratigraphic study. Palaeogeography, Palaeoclimatology, Palaeoecology 105,
267–309.

Hoorn, C., Vonhof, H., 2006. Neogene Amazonia: introduction to the special issue.
Journal of South American Earth Sciences 21, 1–4.

Hovikoski, J., Gringas, M., Räsänen, M., Rebata, L.A., Guerrero, J., Ranzi, A., Melo, J.,
Romero, L., Nuñez del Prado, H., Jaimes, F., Lopez, S., 2007. The nature of Miocene
Amazonian epicontinental embayment: high-frequency shifts of the low-gradient
coastline. Geological Society of America Bulletin 119, 1506–1520.

Hudson, J.D., 1977. Stable isotopes and limestone lithification. Journal of the Geological
Society 133, 637–660.

Hulka, C., 2005. Sedimentary and tectonic evolution of the Cenozoic Chaco foreland
basin, southern Bolivia. PhD dissertation, Freie Universität Berlin, 101 p.

Hulka, C., Gräfe, K.-U., Sames, B., Uba, C.E., Heubeck, C., 2006. Depositional setting of the
Middle to Late Miocene Yecua Formation of the Chaco Foreland Basin, southern
Bolivia. Journal of South American Earth Sciences 21, 135–150.

International Atomic Energy Agency–World Meteorological Organization (IAEA/
WMO), 2006. Global network of isotopes in precipitation: the GNIP database.
http://isohis.iaea.org.

Ituarte, C., 1994. Corbicula and Neocorbicula Bivalvia: Corbiculidae in the Paraná,
Uruguay, and Río de la Plata basins. The Nautilus 107, 129–135.

302 B.G. Ruskin et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 308 (2011) 293–303



Author's personal copy

Johnson, H.D., Baldwin, C.T., 1986. Shallow siliciclastic seas, In: Reading, H.G. (Ed.),
Sedimentary Environments and Facies, 2nd ed. , pp. 229–282.

Jordan, T.E., 1995. Retroarc foreland and related basins. In: Busby, C., Ingersoll, R. (Eds.),
Tectonics of Sedimentary Basins. Blackwell Scientific Publications, pp. 331–362.

Jordan, T.E., Allmendinger, R.W., 1986. The Sierras Pampeanas of Argentina: a modern
analogue of Rocky Mountain foreland deformation. American Journal of Science
286, 737–764.

Jordan, T.E., Alonso, R.N., 1987. Cenozoic stratigraphy and basin tectonics of the Andes
Mountain, 20–28° South Latitude. American Association of Petroleum Geologists
Bulletin 71, 49–64.

Jordan, T.E., Tamm, V., Figueroa, G., Flemings, P.B., Richards, D., Tabbutt, K., Cheatham,
T., 1996. Development of the Miocene Manantiales foreland basin, Principal
Cordillera, San Juan, Argentina. Revista Geológica de Chile 23, 43–79.

Jordan, T.E., Schlunegger, F., Cardozo, N., 2001. Unsteady and spatially variable
evolution of the Neogene Andean Bermejo foreland basin, Argentina. Journal
South American Earth Sciences 14, 775–798.

Kay, S.M., Mpodozis, C., 2002. Magmatism as a probe to the Neogene shallowing of the
Nazca plate beneath the modern Chilean flat-slab. Journal of South American Earth
Science 15, 39–57.

Li, H., Ku, T., 1997. δ13C–δ18O covariance as a paleohydrological indicator for closed-
basin lakes. Palaeogeography, Palaeoclimatology and Palaeoecology 133, 69–80.

Lithgow-Bertelloni, C., Richards, M.A., 1998. The dynamic of Mesozoic and Cenozoic
plate motion. Reviews of Geophysics 36, 27–78.

Longinelli, A., Edmond, J.M., 1983. Isotope geochemistry of the Amazon Basin: a
reconnaissance. Journal of Geophysical Research 88, 3703–3717.

Lovejoy, N.R., Albert, J.S., Crampton, W.G.R., 2006. Miocene marine incursions and
marine/freshwater transitions: evidence from neotropical fishes. Journal of South
American Earth Sciences 21, 5–13.

Malumián, N., 1999. La sedimentación en la Patagonia extraandina. In: Malumián, et al.
(Ed.), La sedimentación y el Volcanismo terciarios en la Patagonia extraandina:
Geología Argentina. ServicioGeologicoMineroArgentino, Anales, 29(18), pp. 557–612.
Buenos Aires.

Malumián, N., Nañez, C., 1996. Microfósiles y nanofósiles calcáreos de la plataforma
continental. In: Ramos, V., Turic, M.A. (Eds.), Geología y recursos naturales de la
Plataforma Continental Argentina: Relatorio del XIII Congreso Geológico Argentino,
pp. 73–93.

Marengo, H.G. 2006. Micropaleontología y estratigrafía del Mioceno marino de la
Argentina: las transgresiones de laguna paiva y del “Entrerriense-Paranense”. PhD
Thesis, Universidad de Buenos Aires, 123 p.

Martinez, S., 1988. Los depositos de la “transgression entrerriana” (Mioceno de Argentina,
Brasil y Uruguay). Comparacion de sus principales areas fosiliferas a traves de los
bivalves y gastropodos. Revista de la Asociación Paleontología Argentina 25, 23–29.

Milliman, J.D., 1974. Recent Sedimentary Carbonates 1: Marine Carbonates. Springer,
New York.

Ogg, J.G., Smith, A.G., 2004. A geomagnetic polarity time scale. In: Gradstein, F.M., Ogg, J.G.,
Smith, A.G. (Eds.), A Geologic Time Scale 2004. Cambridge University Press,
Cambridge.

Ottone, E.G., Barreda, V.D., Pérez, D.J., 1998. Basin evolution as reflected by Miocene
palynomorphs from Chinches Formation, Frontal Cordillera (32 S), San Juan
Province, Argentina. Revista Española de Micropaleontología 30, 35–47.

Patterson, W.T., McKillop, W.B., 1991. Distribution and possible paleoecological
significance of Annectina viriosa, a new species of agglutinated foraminifera from
nonmarine Salt Ponds in Manitoba. Journal of Paleontology 65, 33–37.

Patterson, W.P., Walter, L.M., 1994. Depletion of 13C in seawater ΣCO2 on modern
carbonate platforms; significance for the carbon isotopic record of carbonates.
Geology 22, 885–888.

Pérez, D.J., 1995. Evolución geológica de la region del Cordón del Espinacito, Provincia
de San Juan, Argentina. PhD thesis, Universidad de Buenos Aires, 262 p.

Pérez, D.J., 2001. Tectonic and unroofing history of Neogene Manantiales foreland basin
deposits, Cordillera Frontal (32°30′S), San Juan Province, Argentina. Journal of
South American Earth Sciences 14, 693–705.

Pérez, D.J., Ottone, G., Ramos, V.A., 1996. La ingresiónmarinamiocena en la provincia de
San Juan: sus implicancias paleogeográficas. 13° Congreso Geológico Argentino y 3°
Congreso de Exploración de Hidrocarburos, Actas, 1, pp. 385–398. Mendoza.

Quattrocchio, M., Durango de Cabrera, J., Galli, C., 2003. Formacíon Anta (Miocene
Temprano/medio), Subgrupo Metán (Grupo Orán), en el río Piedras, Pcia. De Salta:
Datos palinológicos: Revista de la Asociación Geológica Argentina, 58, pp. 117–127.

Ramos, V.A., Alonso, R.N., 1995. El mar paranense en la Provincia de Jujuy. Revista del
Instituto de Geología y Minería 10, 73–80.

Ramos, V.A., Cristallini, E.O., Pérez, D.J., 2002. The Pampean flat-slab of the Central
Andes. Journal of South American Earth Sciences 15, 59–78.

Rebata, L.A., Räsänen, M.E., Gringas, M.K., Vieira Jr., V., Barberi, M., Irion, G., 2006.
Sedimentology and ichnology of tide-influenced Late Miocene successions in
western Amazonia: the gradational transition between the Pebas and Nauta
formations. Journal of South American Earth Sciences 21, 96–119.

Regard, V., Lagnous, R., Espurt, N., Darrozes, J., Baby, P., Roddaz, M., Calderon, Y.,
Hermoza, W., 2009. Geomorphic evidence for recent uplift of the Fitzcarrald Arch
(Peru): a response to the Nazca Ridge subduction. Geomorphology 107, 107–117.

Retallack, G.J., 2001. Soils of the Past; An Introduction to PaleopedologySecond Edition.
Blackwell Science, Oxford, U.K. 404 p.

Reynolds, J.H., Galli, C.I., Hernández, R.M., Idleman, B.D., Kotila, J.M., Hilliard, R.V., Naeser, C.
W., 2000. Middle Miocene tectonic development of the Transition Zone, Salta
Province, northwest Argentina: magnetic stratigraphy from the Metán Subgroup,
Sierra de González. Geological Society of America Bulletin 112, 1736–1751.

Ruskin, B.G., 2006. Sequence stratigraphy and paleopedology of nonmarine foreland
basins: Iglesia Basin, Argentina and Axhandle basin, Utah. PhD dissertation, Cornell
University, Ithaca, NY. 511 p.

Scasso, R.A., McArthur, J.M., del Rio, C.J., Martínez, S., Thirlwall, M.F., 2001. 87Sr/86Sr Late
Miocene age of fossil molluscs in the ‘Entrerriense’ of the Valdés Peninsula (Chubut,
Argentina). Journal of South American Earth Sciences 14, 319–329.

Sellwood, B.W., 1986. Shallow-marine carbonate environments, In: Reading, H.G. (Ed.),
Sedimentary Environments and Facies, 2nd ed. , pp. 283–342.

Shackleton, N.J., Kennett, J.P., 1975. Late Cenozoic oxygen and carbon isotopic changes
at DSDP Site 284: implications for glacial history of the Northern Hemisphere and
Antarctica. In: Kennett, J.P., Houtz, R.E., et al. (Eds.), Initial Reports. DSDP, 29. U.S.
Government Printing Office, Washington.

Siegenthaler, U., Oeschger, H., 1980. Correlation of 18O in precipitation with
temperature and altitude. Nature 285, 314–317.

Starck, D., Anzótegui, L.M., 2001. The late Miocene climatic change—persistence of a
climatic signal through the orogenic stratigraphic record in northwest Argentina.
Journal of South American Earth Sciences 14, 763–774.

Strecker, M.R., Alonso, R.N., Bookhagen, B., Carrapa, B., Hilley, G.E., Sobel, E.H., Trauth,M.H.,
2007. Tectonics and climate of the southern central Andes. Annual Review of Earth
and Planetary Sciences 35, 747–787.

Talbot, M.R., 1990. A review of the palaeohydrological interpretation of carbon and
oxygen stable isotopic ratios in primary carbonates. Chemical Geology (Isotope
Geoscience Section) 80, 261–279.

Talbot, M.R., 1994. Paleohydrology of the late Miocene Ridge basin lake, California.
Geological Society of America Bulletin 106, 1121–1129.

Uba, C.E., Hasler, C.-A., Buatois, L.A., Schmitt, A.K., Plessen, B., 2009. Isotopic,
paleontologic, and ichnologic evidence for late Miocene pulses of marine incursions
in the central Andes. Geology 37, 827–830.

Valero-Garcés, B.L., Delgado-Huertas, A., Ratto, N., Navas, A., 1999. Large 13C enrichment
in primary carbonates from Andean Altiplano lakes, northwest Argentina. Earth
and Planetary Science Letters 171, 253–266.

Van Sickel, W.A., Kominz, M.A., Miller, K.G., Browning, J.V., 2004. Late Cretaceous and
Cenozoic sea-level estimates: backstripping analysis of borehole data, onshore New
Jersey. Basin Research 16, 451–465.

Veizer, J., Ala, D., Azmy, K., Bruckschen, P., Buhl, D., Bruhn, F., Carden, G.A.F., Diener, A.,
Ebneth, S., Godderis, Y., Jasper, T., Korte, C., Pawellek, F., Podlaha, O.G., Strauss, H.,
1999. 87Sr/86Sr, δ13C and δ18O evolution of Phanerozoic seawater. Chemical
Geology 161, 59–88.

Vengosh, A., Starinsky, A., Kolodny, Y., Chivas, A.R., Menahem, R., 1992. Boron isotope
variations duing fractional evaporation of sea water: new constraints on themarine
vs. nonmarine debate. Geology 20, 799–802.

Vonhof, H.B., Wesselingh, F.P., Kaandorp, R.J.G., Davies, G.R., van Hinte, J.E., Guerrero, J.,
Räsänen,M., Romero-Pittman, L., Ranzi, A., 2003. Paleogeography ofMioceneWestern
Amazonia: isotopic compositionofmolluscan shells constrains the influenceofmarine
incursions. Geological Society of America Bulletin 115, 983–993.

Walsh, T.R., 2002. Permian foramol carbonates from a variable salinity shelf
environment; the Elm Creek Limestone (Artinskian) of north-central Texas salinity.
PhD dissertation, Texas Tech University, Lubbock, TX, USA, 239 p.

Yañez, G.A., Ranero, C.R., von Huene, R., Díaz, J., 2001. Magnetic anomaly interpretation
across the southern central Andes (32°–34°S): the role of the Juan Fernández Ridge
in the late Tertiary evolution of the margin. Journal of Geophysical Research 106,
6325–6345.

Zachos, J., Pagini, M., Sloan, L., Thomas, E., Billups, K., 2001. Trends, rhythms, and
aberrations in global climate 65 Ma to present. Science 292, 686–693.

303B.G. Ruskin et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 308 (2011) 293–303


