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ABSTRACT
The Andes Mountains provide an ideal natural laboratory to analyze the
relationship between the tectonic evolution of a subduction margin, retroarc shortening,
basin morphology, and volcanic activity . Timing of initial shortening and foreland basin
development in Argentina is diachronous along strike, with ages varying by 20-30
million years. The Neuquén Basin (32°S-40°S) of southern-central Argentina sits in a
retroarc position and provides a geological record of sedimentation in variable tectonic
settings from the Late Triassic to the early Cenozoic including: 1.) active extension and
deposition in isolated rift basins in the Late Triassic-Early Jurassic; 2.) post-rift backarc basin from Late Jurassic-Late Cretaceous; 3.) foreland basin from Late Cretaceous to
Oligocene; and 4.) variable extension and contraction along-strike from Oligocene to
present. The goal of this study is to determine the timing of the transition from post-rift
thermal subsidence to foreland basin deposition in the northern Neuquén Basin and
then assess volcanic activity and composition during various tectonic regimes.
The Aconcagua and Malargüe areas (32˚S and 35˚S) are located in the northern
segment of the Neuquén Basin and preserve Upper Jurassic to Miocene sedimentary
rocks, which record the earliest phase of shortening at this latitude. This study presents
new sedimentological and detrital zircon U-Pb data from the Jurassic to latest
Cretaceous sedimentary strata to determine depositional environments, stratigraphic
relations, provenance, and maximum depositional ages of these units and ultimately
evaluate the role of tectonics on sedimentation in this segment of the Andes. The
combination of provenance, basin, and subsidence analysis shows that the initiation of
5

foreland basin deposition occurred at ~100 Ma with the deposition of the Huitrín
Formation, which recorded an episode of erosion marking the passage of the flexural
forebulge. This was followed by an increase in tectonic subsidence, along with the
appearance of recycled sedimentary detritus, recorded in petrographic and detrital
zircons analyses, as well development of an axial drainage pattern, consistent with
deposition in the flexural forebulge between 95 and 80 Ma. By ca. 70 Ma the volcanic
arc migrated eastward and was a primary local source for detritus. Growth structures
recorded in latest Cretaceous units very near both the Aconcagua and Malargüe study
areas imply 35-40 km and 80-125 km of foreland migration between 95 and 60 Ma in
the Aconcagua and Malargüe areas, respectively.
Strata ranging in age from Middle Jurassic to Neogene were analyzed to
determine their detrital zircon U-Pb age spectra and Hf isotopic composition to
determine the relationship between magmatic output rate, tectonic regime, and crustal
evolution. When all detrital zircon data are combined, significant pulses in magmatic
activity occur from 190-145 Ma, and at 128 Ma, 110 Ma, 69 Ma, 16 Ma, and 7 Ma. The
duration of magmatic lulls increased markedly from 10-30 million years during back-arc
deposition (190-100 Ma) to ~40-50 million years during foreland basin deposition (100~30 Ma). The long duration of magmatic lulls during foreland basin deposition could be
caused by flat-slab subduction events during the Late Cretaceous and Cenozoic or by
long magmatic recharge events. There are three major shifts towards positive Hf
isotopic values and all are associated with regional extension events whereas
compression seems to lead to more evolved isotopic values.
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CHAPTER 1
Introduction
The Andes Mountains are the type-example of a Cordilleran-style orogenic
system and therefore provide an idea natural laboratory to study processes related to the
subduction of oceanic plates beneath continental crust. Three different kinematic
regimes have been observed in the Andes: 1) back arc extension as a result of the rate of
slab rollback exceeding the margin normal component of ‘absolute’ velocity of the
overriding plate; 2) dominant strike-slip with local transtension to transpression during
periods of oblique convergence; and 3) contractional deformation caused by the margin
normal component of ‘absolute’ velocity of the overriding plate exceeding the rate of
slab rollback (e.g. Schellart, 2008). These various kinematic regimes are recorded in
subsidence patters and paleogeography of the retroarc basin strata and may also lead to
changes in volcanic arc output rate and chemistry through time.
This study is focused on timing of initial uplift in the southern central Andes of
central Argentina (Figure 1) and its influence on basin morphology and magmatic
evolution. The initiation of upper-plate shortening in the modern Andes is variable
along-strike with ages varying by 20 to 40 million years (Figure 1). Constraining the
spatiotemporal pattern of sedimentary basin evolution along strike is necessary in order
to determine the mechanism of basin formation and in turn gain insights on the
processes involved in crustal thickening and their relationships to larger, plate-scale
tectonic processes.
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The northern Neuquén Basin is particularly well suited for this study because it
marks a major orographic transition characterized by a decrease in topography, crustal
thickness, and total shortening (Kley & Monaldi, 1998; Giambiagi et al. 2012). The
study area lies between the Patagonian Andes and Northwestern Argentine/Bolivian
Andes where significantly different ages of foreland basin strata have been recorded;
foreland basin deposition initiated at 92 ± 1 Ma in the Patagonian Andes (Fildani et al.
2003; Romans et al., 2010) whereas foreland basin deposits have been documented at
~65 Ma in the Argentinian/Bolivian Andes (Horton & DeCelles 2001; DeCelles &
Horton 2003; Carrapa et al. 2011, 2012; DeCelles et al. 2011). Understanding the basin
evolution and timing of foreland basin initiation in the northern Neuquén Basin will fill
an important gap in timing constraints along the Cordilleran margin. The goal of this
study is to assess the temporal-spatial evolution of the foreland basin between 30 °S and
35 °S. Specifically, this project seeks to answer the following questions:
(1) What was the paleogeography of the central Argentine Andes before initiation
of retroarc shortening?
(2) When did foreland basin deposition, and by inference shortening begin?
(3) What was the magnitude of foreland basin migration during this earliest
shortening event between 32 ˚S and 35 ˚S?
(4) What is the effect of tectonic regime on magmatic output rates and
geochemical evolution of the Andean arc?
(5) Which global- and plate-scale mechanisms correspond to the spacio-temporal
patterns of shortening at these latitudes?
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Stratigraphy and Provenance of Early Foreland Basin Strata
To address questions 1-3 this study presents new field mapping, stratigraphic and
sedimentologic field analyses in conjunction with provenance analyses (sandstone
petrography and U-Pb geochronology) of Jurassic–Paleogene back-arc and foreland
strata. Stratigraphic sections exposed in the Aconcagua (32 °S) and Malargüe (35 °S)
areas were targeted so they could be compared to well-studied stratigraphic sections in
the central and southern Neuquén Basin (35°S –42°S). Previous work using various
methods in different parts of the Neuquén Basin have placed the initiation of foreland
basin deposition in the Albian (~115; Howell et al. 2005), Cenomanian (~100 Ma;
Cobbold & Rossello, 2003), and Maastrichtian (~70 Ma; Barrio 1990). Recent
geochronologic studies (Tunik et al. 2010; Di Guilio et al. 2012) implementing detrital
zircon U-Pb technique support a Late Cretaceous (100 ± 8 Ma) age of foreland basin
initiation in the central and southern Neuquén Basin. Due to the variability in ages
assigned to foreland basin initiation this study focused on the stratigraphy that spanned
from ~130 Ma-60 Ma. In general, stratigraphic sections started at the contact between
the 136-128 Ma Agrio Formation (Lazo et al. 2005; Archuby et al. 2011) and 128-125 Ma
Huitrín Formation (Veiga et al. 2005) and continued through the 98-76 Ma Diamante
and Juncal, Cristo Redentor formations (Aconcagua area; Cristallini and Ramos 1996)
and Malargüe Group (Malargüe area).
Detailed sedimentologic and provenance analysis was then combined with
previous structural studies (Giambiagi et al., 2012; Giambiagi et al., 2010; Mescua et al.,
2014) in order to assess the orientation and extent of the Neuquén Basin during
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deposition of Late Cretaceous stratigraphy. The foreland basin depozones identified in
the Upper Cretaceous Diamante Formation were then superimposed on the basin
geometry to assess the amount of basin migration between ~95 and 70 Ma in the
Malargüe and Aconcagua areas. Once the timing and magnitude of shortening was
determined for various locations along then Andes they were then compared to largescale plate reconstructions be Seton et al (2012) and Maloney et al (2013) to assess
potential mechanisms.
Combined U-Pb and Hf Isotopic Analysis of Basin Strata
To address question number 4, regarding the effect of tectonic regime on arc
output rate and chemistry, this study presents detrital zircon U-Pb and Hf isotopic
analyses of Jurassic-Pliocene strata along the length of the Neuquén Basin (between
35°S and 40°S) to assess timing and periodicity of high flux magmatic events and their
corresponding geochemical signature. The segment of the Andes that corresponds to the
latitudes of the Neuquén Basin is characterized by a variable tectonic history including:
(1.) extension in the Late Triassic–Middle Jurassic; (2.) a middle Jurassic–Late
Cretaceous marine post-rift basin; (3.) a Late Cretaceous to Oligocene retroarc foreland
basin (Vergani et al., 1995; Howell et al., 2005; Balgord and Carrapa, 2015) and; (4.)
variable extension and contraction along the length of the Neuquén Basin with
extension dominant from 28-11 Ma, shortening from 11-6 Ma, and finally extension
again from 6 Ma to present (Ramos and Kay, 2006 and references therein).
New U-Pb detrital zircon ages from six samples in the southern Neuqeun Basin
were combined with published ages from (Tunik et al., 2010; Sagripanti et al., 2012;
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DiGuilio et al., 2012; and Balgord and Carrapa 2015; Pepper 2015) to assess arc
productivity through time, specifically with regard to high flux magmatic events. U-Pb
data was then combined with Hf isotopic analysis to assess crustal-scale processes of
addition, removal, and recycling of crust; zircon with positive εHf similar to the depleted
mantle originate from juvenile crust, whereas zircon with negative εHf crystallize from
old recycled crust. By adding Hf analysis to U-Pb we can assess timing and periodicity of
high flux events as well as their relationship to the input of juvenile material throughout
the arc’s history.
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Figures

Figure 1. Map of South America showing the modern extend of the fold-and-thrust belt,
location and name of modern foreland basin segments (Chase et al., 2009) as well as
timing of foreland basin initiation or hinterland uplift along strike, (Patagonia segment,
Fildani et al., 2004; Salta area; DeCelles et al., 2011; Carrapa et al., 2011; Bolivia;
Sempere, 1997; Horton and DeCelles 2001; DeCelles and Horton 2003; Atacama,
Mpodozis et al., 2005; Arriagada et al., 2006; Ecuador, Martin-Gombojav and Winkler;
Peru, Jaillard et al., 2005; 2008, Colombia and Venezuela, Jaimes and de Freitas,
2006). Box shows location of study area.
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APPENDIX 1
Title: Basin Evolution of Upper Cretaceous-Lower Cenozoic
Strata in the Malargüe Fold-and-Thrust Belt: Northern Neuquén
Basin, Argentina
ABSTRACT
The Andean Orogen is the type-example of an active Cordilleran style margin
with a long-lived retroarc fold-and-thrust belt and foreland basin. Timing of initial
shortening and foreland basin development in Argentina is diachronous along strike,
with ages varying by 20-30 million years. The Neuquén Basin (32° S to 40° S) contains a
thick sedimentary sequence ranging in age from late Triassic to Cenozoic, which
preserves a record of rift, back arc, and foreland basin environments. Since much of the
primary evidence for initial uplift has been overprinted or covered by younger
shortening and volcanic activity, basin strata provide the most complete record of early
mountain building.
Detailed sedimentology and new maximum depositional ages obtained from
detrital zircon U-Pb analyses from the Malargüe fold-and-thrust-belt (35˚ S) record a
facies change between the marine evaporites of the Huitrín Formation (~122 Ma) and
the fluvial sandstones and conglomerates of the Diamante Formation (~95 Ma). A 25 -30
million year unconformity between the Huitrín and Diamante formations represents the
transition from post-rift thermal subsidence to forebulge erosion during initial flexural
loading related to crustal shortening and uplift along the magmatic arc to the west by 95
Ma. This change in basin style is not marked by any significant difference in detrital
zircon signature. A distinct change in detrital zircons, sandstone composition, and
paleocurrent direction from west directed to east directed occurs instead in the middle
15

Diamante Formation and may reflect the Late Cretaceous transition from forebulge
derived sediment in the distal foredeep to proximal foredeep material derived from the
thrust belt to the west. This change in paleoflow represents the migration of the
forebulge, and therefore, the foreland basin system between 80 and 90 Ma in the
Malargüe area.

INTRODUCTION
The Andes Mountains formed as a result of the subduction of oceanic plates
under South America (e.g., Dewey & Bird, 1970; Allmendinger et al. 1997). Broadly,
three different kinematic regimes have been observed in the Andes: 1) back arc
extension as a result of the rate of slab rollback exceeding the margin normal
component of ‘absolute’ velocity of the overriding plate; 2) dominant strike-slip with
local transtension to transpression during periods of oblique convergence; and 3)
contractional deformation caused by the margin normal component of ‘absolute’
velocity of the overriding plate exceeding the rate of slab rollback (e.g. Schellart, 2008).
Such regimes have resulted in different patterns of deformation and exhumation within
the fold-and-thrust belt and/or volcanic arc which in turn control subsidence and
sedimentation in the associated retroarc basin. One way to reconstruct kinematic
regimes and plate behavior is through investigation of the sedimentary record, which
tends to be better preserved than the fold-and-thrust belt. Reconstructing the initiation
of crustal shortening, erosion, and foreland basin deposition is essential for
understanding the timing and rate of exhumation which can then be used to constr ain
plate-scale geodynamic models of the Andes.
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Timing of the onset of contractional deformation along the Andean margin (Fig.
1) has been a topic of debate since Steinmann (1929) first defined three phases of
Andean shortening in Peru: Peruvian during the Late Cretaceous, the Eocene Incaic, and
the Miocene to recent Quechua phases. Large discrepancies (tens of millions of years)
exist in the literature concerning the timing of initial shortening and foreland basin
deposition between the central Andes in Bolivia and the Patagonian Andes in Southern
Chile and Argentina. In the Bolivian Altiplano, Sempere et al. (1997) suggest that
foreland basin subsidence started in the Late Cretaceous (~85 Ma). Foreland basin
deposits preserved in the Eastern Cordillera of central Bolivia suggest that flexurally
driven subsidence began in the latest Cretaceous-early Cenozoic (Horton & DeCelles
2001; DeCelles & Horton 2003). In Northern and Central Argentina, well-exposed
Cenozoic strata record an active eastward-migrating foreland basin system that initiated
in the Paleocene (Jordan et al. 1983; Carrapa et al. 2011; 2012; DeCelles et al. 2011). To
the west, in the Atacama Desert of Chile, growth strata in foredeep and wedgetop
deposits record Late Cretaceous shortening (Mpodozis et al. 2005; Arriagada et al.
2006). In the same area, inversion structures documented by Martinez et al. (2012;
2013) also record shortening near the Cretaceous-Paleocene boundary. In the southern
Patagonian Andes, Fildani et al. (2003) proposed that the abrupt occurrence of
sandstone in the Punta Barra Formation signified the initiation of contractional
deformation at 92 ± 1 Ma.
In the Neuquén Basin (32° S to 40° S; Fig. 2) of Argentina, early scholars (e.g.,
Groeber, 1929; Keidel, 1925) used the change from marine to fluvial deposition in the
Late Cretaceous as evidence for initiation of shortening and foreland basin
sedimentation. However, subsequent studies using various methods in different parts of
17

the basin have placed the initiation of foreland basin deposition in the Albian (~115;
Howell et al. 2005), Cenomanian (~100 Ma; Cobbold & Rossello, 2003), and
Maastrichtian (~70 Ma; Barrio 1990a). Recent geochronologic studies (Tunik et al.
2010; Di Guilio et al. 2012) implementing detrital zircon U-Pb technique support a Late
Cretaceous (100 ± 8 Ma) age of foreland basin initiation in the central and southern
Neuquén Basin. No study to date has established age constraints in the northern-most
Neuquén Basin.
The goal of this study is to determine the timing of foreland basin initiation in the
northern part of the Neuquén Basin, using a multidisciplinary approach that integrates
sedimentology, petrology, and detrital zircon U-Pb geochronology in order to
characterize the stratigraphy, depositional environments, and provenance patterns of
Cretaceous to Lower Cenozoic strata in the Malargüe area (35 °S). The northern
Neuquén Basin is particularly well suited for this study because it marks a major
orographic transition characterized by a decrease in topography, crustal thickness, and
total shortening (Kley & Monaldi, 1998; Giambiagi et al. 2012). The study area lies
between the Patagonian Andes and Northwestern Argentinian/Bolivian Andes where
significantly different ages of foreland basin strata have been recorded; foreland basin
deposition initiated at 92 ± 1 Ma in the Patagonian Andes (Fildani et al. 2003; Romans
et al., 2010) whereas foreland basin deposits have been documented at ~65 Ma in the
Argentinian/Bolivian Andes (Horton & DeCelles 2001; DeCelles & Horton 2003;
Carrapa et al. 2011, 2012; DeCelles et al. 2011). Understanding the basin evolution and
timing of foreland basin initiation in the Malargüe area will fill an important gap in
timing constraints along the Cordilleran margin.
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GEOLOGIC HISTORY
Crustal assembly
The basement of Southern Argentina consists of the Chilenia, Cuyania, Pampian,
and Patagonia terranes, which were accreted onto the southwestern margin of
Gondwana (Rio de Plata and Amazonia cratons; Fig. 3; Ramos, 2010 and references
therein). The Rio de la Plata craton (Fig. 3) is comprised of igneous and metamorphic
rocks with zircon U-Pb ages ranging from 2200 to 2000 Ma (Rapela et al. 2007). The
Pampian terrane, which contains ca. 1100-1200 Ma basement (Rapela et al. 2007),
collided with the Rio de la Plata craton in latest Proterozoic-early Cambrian time
(Pampean Orogeny, Ramos, 1988; Rapela et al. 1998; Ramos, 2010). Cambrian to
Ordovician subduction along the western Gondwana margin led to development of the
Famatinian magmatic arc (Pankhurst et al. 1998; Vujovich et al. 2004; Sato et al. 2003)
and the subsequent collision and accretion of the Cuyania terrane (1360-1400 Ma and
1070-1200 Ma; Naipauer et al. 2010) onto the Pampian terrane (Thomas & Astini, 1996;
2003; Ramos, 2004). Following the collision of Cuyania, Silurian-Devonian strata were
deposited in a foreland basin (Caminos, 1979; Astini et al. 1995), which was then
metamorphosed and deformed during a collision with the Chilenia terrane in the Late
Devonian (Ramos1999; Willner et al. 2008). After this collision, a magmatic arc and
accretionary prism developed along the western and southern margin of Gondwana
between 300 and 250 Ma (Hervé et al. 1988; Willner et al. 2005; 2008).
The final assembly of South America with Patagonia is not well constrained, but
there is some consensus about its para-autochthonous character and either its final
amalgamation (Ramos, 1984, 2008; Rapalini, 2005; Pankhurst et al. 2006; Rapalini et
al. 2013) or intense intraplate deformation (Gregori et al. 2008; 2013) in early Permian
19

time. Gondwanan-Patagonian basement (AP and NPM; Fig. 3) includes an accretionary
prism (AP) located on the western margin of South America, which received sediment
from the east (Willner et al. 2008), arc batholiths, and metamorphic basement
assemblages associated with the accretion of the Patagonian terrane along the southern
margin of Gondwana in the Permian (peak metamorphism 375-310 Ma; Pankhurst et al.
2006). Widespread magmatism associated with the collision of Patagonia and
subsequent orogenic collapse led to the formation of abundant Early Triassic rhyolites
and granites known as the Choiyoi igneous complex (Kay et al. 1989; Rocha-Campos et
al. 2011). The Choiyoi igneous complex is not shown in Figure 3, because it intrudes and
covers the basement units on all sides of the Neuquén Basin. The volcanic arc intrudes
and covers parts of the accretionary prism, Chilenia and the North Patagonian Massif.
The main age range includes Jurassic-Cretaceous plutonic and volcanic arc-related
activity associated with the subduction of the Farallon and other oceanic plates beneath
South America.
Stratigraphy of the Neuquén Basin
The Neuquén Basin contains a ~5000-7000 m thick sedimentary succession of
Upper Triassic to Miocene strata (Fig. 4; Vergani et al. 1995; Howell et al. 2005). In the
north, the basin forms a narrow belt in the Malargüe fold-and-thrust belt, whereas south
of 36°S the basin expands eastward ~250 km, forming a large triangular embayment
(Fig. 2). The Neuquén Basin is located in a retroarc position and is characterized by a
complex tectonic history that includes: 1) a Late Triassic-Middle Jurassic east-west
trending rift basin along the boundary between the Chilenia, Cuyania, Pampian, and
Patagonia basement blocks (Fig. 3); 2) a middle Jurassic-Late Cretaceous marine basin
related to post-rift thermal subsidence; and 3) a Late Cretaceous to Miocene retroarc-

20

foreland basin with flexurally dominated subsidence (Fig. 4; Vergani et al. 1995; Howell
et al. 2005). We here focus on the stratigraphy of the Upper Cretaceous through Lower
Cenozoic Agrio Formation, Huitrín Formation, Diamante Formation, and the Malargüe
Group (Fig. 5).
The Upper Valanginian–Lower Barremian Agrio Formation was defined by
Weaver (1931) as a thick succession of marine shales, sandstones, and limestones
overlying the Mulichinco Formation and underlying the Huitrín Formation. The Agrio
Formation was divided into three formal members (Weaver, 1931): the Pilmatué (lower)
Member (Leanza et al. 2001) composed of up to 600 m of marine shales, mudstones,
thin sandstone beds, and carbonates (Aguirre-Urreta & Rawson 1997); the Avilé
(middle) Member composed of up to 100 m of sandstones with fine conglomerates and
subordinate mudrocks interpreted as eolian and fluvial deposits (Lazo et al, 2005); and
the Agua de la Mula (upper) Member composed of up to 1000 m of open marine shales,
mudstones, sandstones and bioclastic carbonates (Spalletti et al.2001).
Regionally the Huitrín Formation is divided into three members (Fig. 5; Leanza,
2003): the Troncoso Member composed of fluvial and aeolian sandstones (Lower
Troncoso) and evaporites (Upper Troncoso); the La Tosca Member composed mostly of
carbonates; and the Salina Member composed of multicolored shales alternating with
thin evaporite beds. Detailed analysis of the bivalve fossils within the upper Huitrín
Formation (La Tosca Member) by Lazo & Damborenea (2011) indicate a restricted,
hypersaline setting with some marine influence. Deposition of the Huitrín Formation
occurred during final connection of the Neuquén Basin to the Pacific Ocean (Lazo et al.
2005).
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The contact between the Huitrín and Diamante formations in the Malargüe area
is a paraconformity, with ~25 million years of missing time (Fig. 5). The lower, middle
and upper members of the Diamante Formation (discussed below), exposed in the
Malargüe area, broadly correlate with the Rio Limay, Rio Neuquén and Rio Colorado
subgroups from the Neuquén Group defined by Leanza & Hugo (2001; Fig. 5). The
Diamante Formation in the Malargüe area is age correlative (95-80 Ma) and has many
of the same facies as the Neuquén Group stratigraphy to the south and east, but does not
contain all of the specific members and formations documented to the south (Leanza &
Hugo, 2001; Leanza et al. 2004). A more precise chronostratigraphic framework was
defined by Leanza et al. (2004) based on six local tetrapod assemblages, which are
correlated with the Diamante Formation based on maximum depositional ages obtained
from detrital zircon U-Pb ages (discussed below).
The Malargüe Group is comprised of the Allen, Loncoche, Jagüel, Roca and
Pircala formations (Fig. 5; Barrio, 1990a). The dominance of continental and deltaic
facies, and of pyroclastic material in the central Andes sector, are recorded by AguirreUrreta et al. (2011), suggests close proximity to the volcanic arc in the latest Cretaceous.
In the central and southern sections of the Neuquén Basin, the Malargüe Group is
dominated by marine deposits, comprising mainly shales, limestones and evaporites
(Barrio, 1990b). These rocks correspond to the first Atlantic transgression into the basin
(Weaver, 1927; Uliana & Dellape, 1981), and define a regional change in the basin slope
associated with eustatic sea level rise (higher elevations to the west and lower to the
east; Barrio, 1990a). At the top of the Malargüe Group, in the Malargüe area, a regional
unconformity provides evidence for deformation and erosion after ~60 Ma; based on
cross-cutting relationships between faults and volcanic units this unconformity reflects
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Eocene and Miocene–present deformation related to modern Andean uplift (Legarreta
et al. 1989; Ramos & Folguera, 2005; Giambiagi et al. 2008).

METHODS
This study reports new sedimentologic and zircon U-Pb data from the Agrio,
Huitrín, and Diamante formations and the Malargüe Group, which are used to
determine depositional environments, stratigraphic relations, provenance, and
maximum depositional ages throughout the Cretaceous and early Cenozoic. Three areas
were targeted for this study, based on previous geologic mapping in the region (Nullo et
al. 2005), from west to east: the Los Angeles (LA), Bardas Blancas (BB), and Malargüe
West (MW; Fig. 6). Fieldwork included a detailed description of outcrops and
measurements (dm scale) of stratigraphic sections beginning at least 200 m below the
contact between the 136-128 Ma Agrio Formation (Lazo et al. 2005; Archuby et al. 2011)
and 128-125 Ma Huitrín Formation (Veiga et al. 2005) and continuing through the 9876 Ma Diamante Formation (Leanza et al. 2003), and the 72-56 Ma Malargüe Group
(Barrio 1990b; Aguirre-Urreta et al. 2011) where present (Figs. 6 and 7). The studied
sections span an E-W distance of ~ 50 km and a N-S distance of ~45 km (Fig. 6).
Twenty-nine standard petrographic thin sections from the Los Angeles, Bardas
Blancas and Malargüe West sections were stained for Ca- and K-feldspars and pointcounted (450 counts per slide) according to the Gazzi-Dickinson method (G-D) (Gazzi,
1966; Dickinson, 1970; Ingersoll et al. 1984) to assess bedrock provenance of the
Cretaceous-lower Cenozoic deposits of the study area. Petrographic parameters are
listed in Appendix 1A, and recalculated modal data, as well as member averages and
standard distributions, are listed in Table I. Ternary diagrams with total quartz23

feldspar-lithic (QFL) and quartz-plagioclase-potassium feldspar (QPK) are shown in Fig.
9 (Dickinson et al. 1983). None of the samples counted had more than 100 lithic
fragments to allow for a separate quantitative analysis of the lithic fraction, however,
qualitative descriptions of the lithic fragments are provided based on the available data.
To better constrain the maximum depositional age and provenance of the Upper
Mesozoic-Lower Cenozoic sedimentary units in the Malargüe fold-and-thrust belt,
systematic sampling of key formations for U-Pb detrital zircon was undertaken. Samples
were processed and analyzed following the procedures outlined in Gehrels et al, (2006
and 2008). The analytical data and a more detailed methodology are reported in
Appendix 2A and 2B. The resulting interpreted ages are shown in relative ageprobability diagrams using the routines in Isoplot (Fig. 10; Ludwig, 2008). Maximum
depositional ages were calculated by taking the youngest age components, generally 3 or
more grains (only 2 for the Huitrín Formation where only two were available), that
overlap in age within error and calculating a mean and standard deviation taking into
account the original uncertainty in the grain age based on recommendations from
Dickinson & Gehrels (2009).

RESULTS AND INTERPRETATIONS
Facies analysis, paleocurrents, and depositional environments
Sedimentological descriptions and interpretations are based on three detailed
stratigraphic sections (Fig. 7A, 7B, 7C). Lithofacies identified in the measured
stratigraphic sections are based on the lithofacies codes of Miall (1978) with some
modifications (Table II) and carbonate facies description are based on the carbonate
naming scheme of Dunham (1962) as modified by Embry & Klovan (1971) (Table II).
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Paleocurrent directions were determined for the Diamante Formation using limbs of
trough cross-strata (method I of DeCelles et al. 1983).
Agrio Formation
Description: The upper 200 m of the Agrio Formation was measured in the Los
Angeles (LA), Bardas Blancas (BB), and Malargüe West (MW) areas to give context and
assess facies changes in the overlying Huitrín and Diamante formations (Fig. 5). In all
three measured sections the Agrio Formation consists of thinly laminated to thinly
bedded, calcareous mudstone (Ll; see Table II for all lithofacies descriptions) to
fossiliferous (containing bivalves and ammonites) packstone-grainstone (Lf) arranged in
5-10 m-thick coarsening upwards packages (Fig. 8A). Mudstone throughout all three
sections is thinly laminated (Fcl) and ranges from black and organic rich with sparse
calcareous nodules (Fig. 8A), generally cored by ammonite fossils, to light gray -white
and carbonate rich (Lf) with abundant bivalves that out-crop in resistant tabular,
laterally continuous limestone beds (Fig. 8B). Ammonites are common, and marine
reptiles and other open marine fauna have also been documented within the laminated
siltstone and shale in the BB area (Spalletti et al. 2001; Lazo et al. 2005). Over the 200
m of measured section, the facies undergo a transition from shale-dominated to
limestone-dominated, becoming lighter in color, and contain more abundant bivalve
fossils. Discontinuous 0.5- to 1-m-thick layers of medium-grained, massive sandstone
(Sm) are present in the southernmost (BB; Fig. 6) area; four separate Sm bodies are
located about 50 m below the contact with the overlying Huitrín Formation (Fig. 7B).
Interpretation: Laminated siltstone and shale (Fcl) are interpreted to have been
deposited by suspension settling in open marine water where waves did not interact
with the seabed (Burchette & Wright, 1992). The association of black laminated shale
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(Fcl) with well-preserved fossils that have articulated shells suggests deposition in a low
energy open marine environment. The dark color indicates high organic content that is
typical of deposition in a poorly oxygenated or completely anoxic environment (Droste,
1990). The presence of ammonites indicates normal marine salinity and oxygenation in
the upper part of the water column (Batt, 1993).
The upper ~1-2 m of each coarsening upward package contain fossiliferous
limestone beds, which range in texture from wackestone to grainstone. The increase in
concentration of large (> 2 mm) fossil fragments, and a decrease in micritic matrix up
section may indicate sorting by bottom currents (Aigner, 1985; Faulkner, 1988), or
relatively rapid deposition (high primary productivity) of large invertebrate faunas
(Schlager, 1991). Overall, the measured sections comprise repeating shallowing upwards
cycles in a shallowing upwards sequence (Fig. 7A, 7B, 7C). Based on facies and fossils
within these areas the Agrio Formation is interpreted to have been deposited in an open
marine environment.
Huitrín Formation
Description: The thickness of the Huitrín Formation is highly variable, ranging
from less than 50 m in the BB area to 200 m in the LA area (Figs. 6 and 7). The contact
between the Agrio Formation and the overlying Huitrín Formation is covered in all three
areas, but appears to be conformable based on uniform bedding dips and general
continuity along-strike. Also, biostratigraphic (Lazo & Damborenea, 2011) and
maximum depositional ages from this study (discussed later) suggest that there is no
significant time gap between the two formations.
The contact between the Agrio and Huitrín formations in the BB and LA areas
(Fig. 6) is marked by a change from white, thinly laminated calcareous shale (Fcl; see
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Table II for lithofacies codes) below a covered 2-5 m thick interval, to brown, red and
yellow rippled siltstone (Sr) and mudstone. The basal Huitrín Formation in the LA and
MW areas contains ~10 meter package of massive green, yellow, and red siltstone (Fsm)
and mudstone with minor bedded gypsum nodules. The overlying ~20 m this formation
transitions from laminated mudstone (Fsl) with minor gypsum, to dominantly gypsum
with minor mudstone, and finally 60 m of massive gypsum (Em) with locally preserved
thin laminations in both the LA and MW areas, and 5 m of massive gypsum in the BB
area (Fig. 8C, 8D). Thinly laminated gypsum beds (Egl) are wavy and irregular, with
minor interbedded siltstone, shale and micrite (Fsl and Fcl). A 2-m-thick section of
thinly laminated, sandy limestone (Fsl) near the top of the Huitrín Formation (12 m
below the contact with the overlying Diamante Formation; Fig. 7A) was sampled for
detrital zircon U-Pb analysis in the LA area.
In the BB and MW areas (Fig. 7B, 7C) the massive gypsum gradually transitions
to thinly laminated gypsum (El) that in turn is overlain by a 10 m thick interval of
resistant, tabular, laterally continuous, thin-medium bedded, fossiliferous (bivalves; Lf)
and intraclastic (Li), and pelloidal (Lp) wacke-grainstone, which is locally dolomitic, and
contains minor interbedded gypsum (laminated and nodular). In general, the gypsum
layers appear to be thickest in the westernmost section (LA, 80 m) and thin to the south
(5 m) and east (40 m), where it is potentially replaced by limestone and laminated
siltstone and mudstone.
Interpretation: The association of calcareous shale (Fcl) and both laminated (El)
and massive (Em) evaporate facies suggest deposition in a low energy, restricted
environment (James & Kendall, 1992). Thinly laminated siltstone and mudstone require
a proximal clastic source area and the combination of horizontal laminations and minor
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current ripples implies generally slow velocities and a unidirectional current (Harms et
al. 1975). We interpret the interbedded siltstone, mudstone, and gypsum as being
deposited in a playa mudflat (e.g., Flint, 1985; Hartley et al. 1992). The presence of finegrained, laminated beds and gypsum is indicative of an arid, or at least episodically dry
environment (e.g. Hardie et al. 1978). The transition from siltstone and claystone
dominated to gypsum dominated suggests an overall decrease in clastic detritus. The
massive (> 5 m with no discernible laminations) gypsum (Egm) beds indicate a
restricted lagoonal environment, whereas the interbedded laminated gypsum (Egl),
limestones (Lm), algal mats (Fig. 8D), and nodular gypsum (Egn), record an open,
supratidal environment (Butler et al. 1982; Wilson, 1975). The variability in lithologies
is a product of fluctuating water chemistry, biologic activity, and clastic sedimentary
input.
The limestones in the BB and MW areas are dominantly fossiliferous grainstones
(Lf) composed of a single type of bivalve fossil, indicating a high productivity, low
diversity ecosystem, similar to those seen in other parts of the Neuquén Basin and
described in detail by Lazo & Damborena (2011). Intraclasts (Li) likely require that the
limestone episodically experienced strong wave and/or storm disturbance (James &
Chaquette, 1984). Peloidal grainstones (Lp) – comprised of fecal pellets generated by
mud ingesting organisms and micritized by micro-organisms – are indicative of
relatively low energy, protected lagoonal settings (Reid et al. 1992).
During the deposition of the Huitrín Formation, the northern Neuquén Basin was
a restricted marine environment where the rate of evaporation outpaced recharge
allowing for the precipitation of gypsum. The massive gypsum (Egm) facies indicates a
semi-continuous connection to normal salinity sea water, which is required to maintain
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constant gypsum deposition without other common evaporite minerals (eg. halite,
dolomite, and carbonate). This was combined with a lack of clastic sedimentation in the
basin and slow, steady subsidence (Handford, 1991; Warren 1991).
Diamante Formation
The contact between the Huitrín and Diamante formations is a paraconformity in
the Malargüe area. The contact is generally covered, but where it is exposed (BB area) it
is a sharp contact between either tabular limestone or thinly laminated carbonate rich
siltstone and medium grained ripple-cross laminated (Sr) and trough-cross stratified
(St) sandstone.
The Diamante Formation is informally divided into three units based on
dominant grain size. The lower, middle and upper members are composed of generally
fine-, coarse-, and fine-grained sandstone, respectively, which are interpreted to have
been deposited under different flow conditions in varying environments, described
below (Fig. 7B, 7C).
Lower Diamante Formation
Description: The lower Diamante Formation is variable between sections, but in
general is fine-grained (dominantly siltstone to medium sand size) and contains minor
trough cross-stratification (St), horizontally laminated (Sh), ripple cross-laminated (Sr),
and massive (Sm and Fsm) sandstone. Only the basal 80 m of the Diamante Formation
is preserved in the LA section (Fig. 7A), with the majority of the section having been
removed by erosion or covered by Miocene volcanic rocks (Fig. 6). The lithology is
dominated by red, trough cross-stratified (St) and horizontally laminated (Sh), mediumthickly bedded, fine- to medium-grained sandstone. The Diamante Formation in the LA
area coarsens upwards over the first 10 m to thickly bedded lenses of minor gravel29

pebble conglomerate (Gt), which fines upwards to trough cross-stratified (St),
horizontally laminated (Sh) sandstone with ripple cross-laminated (Sr) tops (Fig. 7A,
7B, 7C). Beds are lenticular on the outcrop scale generally ranging from 2-5 m wide and
1-3 m thick.
The lower Diamante Formation is ~100 m thick in the BB area and ~150 m in the
MW area (Figs 7B and 7C). Facies observed in the BB area are similar to those described
in the LA area, although the lenticular nature of the beds is less pronounced at the
outcrop scale, with single packages up to 20 m wide. The base of beds tend to be erosive
with medium-grained trough-cross (St) stratified and ripple cross-laminated (Sr)
sandstone with red siltstone and mudstone rip-up clasts that fine upwards over 4-5 m to
massive, fine-grained to siltstone (Sm and Fsm). Paleocurrent measurements taken
from the limbs of troughs indicate west directed paleoflow in both the LA and the BB
areas (Fig. 7A, 7B).
In the MW area, the base of the Diamante Formation has a thin (~50 m), laterally
discontinuous (~ 100 m wide) interval of medium red to light green, massive finegrained sandstone and siltstone (Fsm) with abundant carbonate nodules. The fine
interval coarsens upwards into sandy, lenticular facies similar to that observed in the BB
area with medium grained trough cross –stratified (St) and ripple cross-laminated (Sr)
sandstone with red siltstone and mudstone rip-up clasts that fine upwards over 3-5 m to
massive and fine-grained to siltstone (Fsm).
Interpretation: Trough cross-bedded sandstones within lenticular sand bodies
are interpreted to be deposited by the migration of dune bed forms within fluvial
channels (Miall, 1996). Massive fine-grained sandstone and siltstone lithofacies (Sm and
Fsm) commonly contain evidence for weakly to moderately developed soils including
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root casts, mottling, absence of stratification, and carbonate nodules, which are
interpreted as floodplain deposits (Retallack 1988). The red color and abundant
carbonate nodules indicate an oxidized subsurface and an arid to semi-arid environment
(Hardie et al. 1978), whereas green units likely formed under reduced conditions
(Bowen & Kraus, 1981). The close vertical association between channel and floodplain
deposits suggests deposition onto a fluvial plain (Miall, 1996), which could be either
representative of meandering or braided river systems (Miall, 1978; Smith, 1987). The
prominence of the paleosol facies in combination with minor trough cross- bedded
sandstones, and climbing ripples suggests a meandering fluvial environment (Miall,
1978).
Middle Diamante Formation
Description: The contact between the lower and middle Diamante Formation is
marked by the first thick (> 2 m) conglomerate bed of the formation and exhibits similar
facies in both the BB and MW areas (not present in LA area), which have a total
thickness of 240 m and 440 m respectively (Fig. 7B, 7C). The middle Diamante
Formation is thicker bedded, coarser grained (dominantly sand to pebble grain size),
and contains more prominent sedimentary structures (St, Sr, Sh, Sp, Gt, Gh) than the
lower and upper Diamante Formation (Fig. 7C). The middle Diamante Formation
comprises an overall fining upward sequence that is characterized by 2-3 m thick
packages of both clast- (Gt/Gp; Fig. 7B, 7C) and matrix-supported (Gm) conglomerate,
interbedded trough cross-stratified gravelly (St and Gt) sandstone (Fig. 8E) along with
minor, medium-grained, massive sandstone (Sm) with abundant bioturbation and
carbonate nodules, which increases in abundance up section (Fig. 7B, 7C). The matrix supported conglomerate (Gm) beds tend to be massive (2-3 m thick) with nonerosive
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bases, whereas gravel- to pebble-rich trough cross-stratified (Gt and St) sandstone beds
exhibit erosive bases with abundant mud rip-up clasts and fine upwards to medium- to
fine-grained sandstone with ripple cross-lamination (Sr) and planar laminated
sandstone (Sp). Trough cross-stratified beds are lenticular in nature, over a horizontal
scale of 5-10 m (Fig. 8E), and commonly cut one another stacking both vertically and
diagonally. Beds fine upwards ranging from pebble and gravel at the base to fine sand to
siltstone size and are 2-5 m thick. Medium to thickly bedded massive sandstones, with
minor parallel laminated sandstone (Sp) at the base of the beds, are also present.
Paleocurrent measurements indicate east-directed flow in both the BB and MW areas
throughout the middle Diamante Formation (Fig. 7B, 7C).
Interpretation: Planar bedded conglomerates (Gp) are interpreted to have
formed as a result of high-density flows during high discharge events (Smith, 1987). The
interbedded massive and planar laminated sandstones (Sm and Sp) are interpreted as
being deposited by high-density flows during waning flow conditions (Rasmussen,
2000). Matrix-supported conglomerate (Gm) beds are interpreted as high viscosity
debris flows due to their non-erosive bases and massive bedform (Buck, 1983; Schultz,
1984). We interpret the lenticular conglomerates (Gt/Gp) as resulting from deposition
in shallow, gravely, bed load channels, with planar stratification (Gp) forming due to
tractional flow at the channel base (e.g., Nemec & Steel, 1984). Trough cross-stratified
sandstones and pebble conglomerates (St and Gt) are interpreted as being derived from
the migration of dune bed forms within sand-gravel bed channels in a fluvial
depositional environment (Miall, 1996). Scour-based, trough cross-stratified sandstone
(St) grading into climbing ripples (Sr) represents a lower flow regime within a fluvial
environment (e.g., Allen, 1963). The minor mudstones are likely to be floodplain
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deposits. Due to the combination of debris flow deposits, vertically stacked channel
deposits, climbing ripples, and an overall lack of fine grained material and soil
formation we interpret this facies association to indicate a mixed braided fluvial and
distal alluvial fan environment (Miall, 1978).
Upper Diamante Formation
Description: The total thickness of the upper Diamante Formation, where it is
completely preserved in the MW area, is 480 m, whereas in the BB area, where the top
of the upper Diamante Formation is not present, the total measured thickness is 412 m.
The upper Diamante Formation is dominantly massively bedded (Sm and Fsm) due to a
large amount of thick, bioturbated , heavily weathered (covered in the sedimentary logs)
intervals of sandstone and siltstone (Figs. 7B, 7C, 8F); although minor crossstratification and lenticular- to wedge-shaped bedding are still sporadically preserved,
especially in the uppermost deposits in the BB area (Fig. 7B). Abundant in situ and
reworked carbonate nodules, at the base of conglomerate beds, are found in both the
MW and BB areas (Fig. 7B, 7C). Rip-up clasts are also common at the base of individual
beds. Amalgamated beds range from 1 -15 m thick, and are arranged into thinning- and
ﬁning-upward patterns (Fig. 7B, 7C). Lenticular sand bodies are infrequent, but where
present they are 1-3 m thick, up to 20 m wide, and tend to have erosive bases
comprising St with very minor Gt, which then transition into Sr and Sm/Fsm. Overall,
the upper Diamante Formation in the MW and BB area fines upwards with an increase
in the thickness of siltstone and mudstone intervals and a decrease in sandstone with
little to no conglomerate in the middle ~300 m and a slight increase again in the
uppermost 100 m. All paleocurrent measurements taken on the limbs of trough cross-
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stratified sandstones in the upper Diamante Formation indicate east-directed flow in
both the BB and MW areas (Fig. 7B, 7C).
Interpretation: The massively bedded sandstone and siltstone lithofacies (Sm
and Fsm) commonly contain evidence of weakly to strongly developed paleosols
(Retallack 1988) including: root casts, mottling, and carbonate nodules. The
combination of closely stacked channel and floodplain deposits combined with the
dominance and strongly developed nature of paleosol facies, minor trough crossbedded sandstones, and climbing ripples, indicates a meandering or anastamosing
fluvial environment for the upper Diamante Formation (Miall, 1978; Smith, 1987).
Malargüe Group
Lower Malargüe Group
Description: A distinct shift in facies marks the contact between the Diamante
Formation and the Malargüe Group with a change from the massive red-beds (Fsm) of
the Diamante Formation to the laminated green siltstone and shale (Fcl) of the
Malargüe Group (Fig. 9G). Although most of the lower Malargüe Group (Loncoche,
Jagüel and Roca Formations; Fig. 5) is recessive and exposures are limited, there are
five to ten laterally continuous, thinly bedded limestone beds (Lm) within the green and
yellow, recessive siltstone and shale (Fcl and Fsl) sequence. Contacts and facies
variation are difficult to follow along strike, but generally the study section seems to be
arranged in coarsening upwards packages that range from 5-10 m thick and define an
overall fining upwards succession with a general increase in shale and decrease in
sandstone (Fig. 7C). Two resistant medium to thickly bedded marker intervals,
composed of trough cross-stratified, glauconitic sandstone can be followed for 100’s of
m along strike (Figs. 9H). After a covered interval of ~200 m there is a resistant ridge
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that contains thinly bedded oolitic grainstone (Lo) and medium-bedded fossiliferous
(bivalves and gastropods) pack-grainstone (Lf).
Interpretation: The combination of laminated mudstone, siltstone and limestone
at the base of the Malargüe Group in the MW are interpreted to have been deposited
mostly by suspension settling in either a marginal marine or lacustrine setting. Oolitic
grainstone (Lo) requires warm surface temperatures, constant wave action, and water
saturated to super-saturated in calcium carbonate (Tucker & Wright, 1990) in shallow
marine or lacustrine settings. Within the ridge-forming limestone beds, marine fossils
have been documented by Aguirra-Urreta et al. (2011) and Parras & Griffin (2013),
which along with distinctive glauconitic sandstones in the lower Malargüe Group
indicate a marine environment in the latest Cretaceous-early Cenozoic.
Upper Malargüe Group
Description: In the Malargüe area, the upper Malargüe Group comprises the
continental Pircala Formation that sits above a thick (~300 m) covered interval, likely
comprised of the recessive Roca Formation (Fig. 7C; Fig. 5; Barrio 1990a). The upper
Malargüe Group is poorly exposed but a generalized section was measured in the MW
area (Fig. 7C). There are discontinuous exposures of red, interbedded siltstone (Fsr) and
fine-medium grained, trough cross-stratified (St), thin-medium bedded, bioturbated
sandstone (Sm and Fsm) with minor carbonate nodules. Beds are lenticular over a
horizontal distance of 10-20 m. The uppermost exposures are massive silt and mudstone
(Fsm and Sm) and form red and white amorphous mounds in the center of the syncline
in the MW area and are up to 10 m thick.
Interpretation: The thickness, mottling, root casts, absence of stratification,
bleached horizons, and carbonate are evidence for moderate to strongly developed
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paleosols (Retallack 1988). The alternation between dark red and bleached horizons and
abundant carbonate nodules require an oxidized subsurface and an, at least episodically,
arid environment (Hardie et al. 1978). The minor trough cross-bedded (St) lenticular
sandstones are interpreted as being formed by migrating dunes within a fluvial channel,
which are at times capped by ripple cross-laminated (Sr) and planar laminated
sandstone (Sp) caused by differing flow conditions/water depths on the upper parts of
the migrating dune-forms (Miall, 1996). Due to the dominance and strongly developed
nature of paleosol facies, minor trough cross-bedded sandstones, and climbing ripples
we interpret this association as typical of a meandering or anastomosing fluvial
environment (Miall, 1978), similar to the fluvial setting interpreted for the upper
Diamante Formation.

Sandstone Petrology and Provenance
Description: Sandstones from the Diamante Formation are dominantly
feldspathic and lithofeldspathic with minor amounts of lithic arenite and contain
abundant monocrystalline quartz (Qm) grains, with lesser amounts of polycrystalline
quartz (Qp), and quartzose sedimentary lithic fragments (Qss). Plagioclase is much
more abundant than K-feldspar. K-feldspar types include orthoclase (dominant),
microcline, and perthite. Sedimentary lithic fragments comprise dominantly chert,
quartzose sandstone (Qss), and siltstone with minor limestone and shale. Volcanic
grains include lathwork (Lvl), microlitic (Lvm), vitric (Lvv), felsic (Lvf), and rare mafic
(Lvma) varieties. Minor amounts of micas, zircon, magnetite, and Fe-oxide altered
fragments are present. Modal sandstone compositions are regionally consistent, with
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monomineralic fractions dominated by either plagioclase or quartz, and lithic
compositions dominated by volcanic grains (Fig. 9; Table II).
Sandstones in the upper Diamante Formation are also generally feldspathic, but
are more lithic-rich (especially in the MW area) and have a higher potassium feldspar to
plagioclase ratio in the BB area than the lower and middle Diamante Formation (Fig. 9).
The lithic component of the upper Diamante Formation is still dominated by volcanic
lithics, but there is also a larger component (20% of total lithics) of sedimentary lithics,
which include chert, siltstone, as well as a larger component of quartz in large
sedimentary lithics as opposed to lower in the Diamante Formation where the majority
of the quartz in lithics is plutonic.
Interpretation: In general, sandstones from the lower and middle Diamante
Formation are plagioclase- rich, especially in the LA area (Fig. 9). The minor lithic
component (< 50 %) is almost entirely volcanic, although there are some large (> 60
µm) plutonic grains, and few to no metamorphic fragments. Quartz grains are
dominantly monocrystalline with parallel extinction indicating dominantly igneous
sources (Tortosa et al. 1991). The presence of fine grained plutonic fragments and
plagioclase crystals that exhibit very little chemical decomposition require a local source
and/or a semi-arid to arid environment. Samples from the LA area (only lower
Diamante Formation) plot in the continental block uplift field of Dickinson et al. (1983),
whereas the lower and middle Diamante Formation from the BB and MW areas plot into
both the Continental Block and the Dissected Arc fields (Fig. 9). Sandstones from the
upper Diamante Formation plot in the Continental Block, Dissected Arc, and Recycled
Orogen provenance fields (Fig. 9).
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Detrital U-Pb geochronology and Provenance
Agrio Formation
Description: Detrital zircons from the Agrio Formation were collected from mscale sand bodies interbedded with the organic-rich shale in the BB area (Figs. 6 and
7B). Maximum depositional age, based on the mean age of the youngest population
present within the sample is 134 ± 3.8 Ma (n = 6). Peaks in the age distribution include:
1) a 150-200 Ma component, 2) a dominant 250-300 Ma component, and 3) a minor
Cambrian to Neoproterozoic component (~450-650). Additionally, a few
Mesoproterozoic (~1100 Ma) and Paleoproterozoic grains (~1790-1900 Ma) are present
(Fig. 10).
Interpretation: The majority of the grains from the Agrio Formation fall within
the young end of the Gondwanan-Patagonian field (Fig. 10), which could be coming
from the south or west (Franzese & Spalletti, 2001; Ramos, 2008; Naipauer et al. 2012).
Jurassic- and Cretaceous-age detrital zircon populations require a western source, and
could be from air-fall or minor east-directed tributaries coming off the volcanic arc. PreJurassic detrital zircon grains could conceivably have originated from the north, but the
abundance of Gondwanan-Patagonian and Andean aged grains suggests that the
Paleozoic accretionary prism to the west is a likely source (AP, Fig. 3; Willner et al.
2008). Although it has been suggested that the Neuquén Basin experienced a post -rift
thermal sag stage during the Late Jurassic-Early Cretaceous (Howell et al., 2005 and
references therein), multiple authors (e.g. Vergani et al. 1995; Mosquera & Ramos,
2006; García Morabito et al. 2011; Naipauer et al. 2012) have documented Upper
Jurassic deformation on a structural high within the southern Neuquén Basin
designated the Huincul Rise (Fig. 2). This arch may have continued to act as a structural
38

high and as a sediment source to the northern Neuquén Basin throughout the Early
Cretaceous (Fig. 11). A combination of thickening and coarsening of sandstone facies
within the Agrio Formation to the south (Lazo et al. 2005; Archuby et al. 2011) imply a
source of clastic material somewhere in the northern Patagonian Massif. The southern
signature (Gondwanan-Patagonian) was combined with a minor western source, which
contained a combination of Jurassic-Cretaceous arc grains as well as a mix of older
Paleozoic and Proterozoic grains from the Paleozoic accretionary prism (Willner et al.
2008).
Huitrín Formation
Description: The maximum depositional age of the Huitrín Formation, based on
the youngest detrital zircon component, is 124 ± 1.3 Ma (n = 2, Fig. 10). The age
distribution for the Huitrín Formation contains minor peaks at ~150 Ma and 200 Ma.
The majority of grain ages fall between 250 Ma and 500 Ma with prominent
components at 260 Ma, 315 Ma, 375 Ma, 420 Ma, and 480 Ma. Minor Proterozoic peaks
(~1000 Ma and a few older grains) are also present (Fig. 10).
Interpretation: The detrital zircon spectra of the Huitrín Formation differs from
that of the Agrio Formation with a stronger Choiyoi signature (250-280 Ma), along with
older (~350-400 Ma) Gondwanan-Patagonian ages and fewer early Paleozoic and
Proterozoic grains (Fig. 10). The Huitrín Formation was likely receiving material
dominantly from western sources, and noticeably less from southern sources. The
change from a dominantly southwestern source in the Agrio Formation to western
sources in the Huitrín Formation requires a paleodrainage reorganization which may be
related to uplift of the volcanic arc, aridification, and restriction of the Neuquén Basin
from open marine Pacific Ocean water in Aptian time (Figs. 10 and 11).
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Lower Diamante Formation
Description: The Diamante Formation shows variability in detrital zircon age
distributions between different localities. The basal Diamante Formation in the LA area
(Fig. 10) has a nearly identical age distribution to the underlying Huitrín Formation
except for a significantly younger, 97 ± 2 Ma, maximum depositional age (n = 5, Fig. 1 0).
The detrital zircon age spectra dominantly fall between 250 Ma and 500 Ma, with a few
Proterozoic grains. Samples from the lower Diamante Formation in the MW area
contain a significant number of grains spanning ~230-300 Ma with almost no older
grains and a very minor population of Mesozoic grains.
Samples of the lower Diamante Formation from the MW area have a different
signature from the samples in the LA area. Most grains from the MW sample are around
~230-300 Ma with a very minor population of Mesozoic grains that record smaller input
from the Jurassic to Cretaceous Andean arc. Overall, ages typical of the Choiyoi and late
Gondwanan-Patagonian source areas dominate this sample.
Interpretation: The detrital zircon spectra recorded from the lower Diamante
Formation sample collected in the LA area require that the source material was either
directly recycled from the Huitrín Formation, or that the Diamante Formation was
receiving sediments from the same western source area. High plagioclase to total
feldspar ratios (generally greater than .8; Fig. 9; Table I) imply a volcanic source terrane
(Dickinson, 1970), which is difficult to reconcile with an eastern source, unless Choiyoi
igneous province rocks were exposed in the vicinity of the future San Rafael uplift, or if
arid conditions allowed for the preservation and recycling of plagioclase between the
Huitrín and Diamante formations. The near-depositional zircon ages from the lower
Diamante Formation indicate an active volcanic/plutonic source. Paleozoic-lower
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Triassic basement blocks uplifted immediately to the west of the MW section (Fig. 6)
may have been potential sources for the pronounced Choiyoi and late GondwananPatagonian signature; however, there is no evidence that they were exposed in the Late
Cretaceous.
Upper Diamante Formation
Description: The detrital zircon signature of the uppermost Diamante Formation
sample in the BB area is distinct (Fig. 10). It does not have any grains near depositional
age, or any grains younger than 200 Ma. There are major age components ranging from
200-280 Ma and another at ca. 400 Ma. There are also significant Proterozoic
components that are not present in the two lower Diamante Formation samples.
Interpretation: The strong Choiyoi and Gondwanan-Patagonian signatures may
be locally sourced immediately to the west of the BB area (Figs. 4 and 6). The abundance
of rhyolitic fragments in the conglomerates likely indicates local Choiyoi basement as a
source. The re-emergence of Proterozoic grains either implies input from a northeastern
source or recycling from older sedimentary units.
Lower Malargüe Group
Description: The detrital zircon signature of the lower, marine, Malargüe Group
is a unimodal ~ 70 Ma peak; the signature also contains a few older grains, none of
which form a distinct population (Fig. 12).
Interpretation: This unimodal, 70 Ma, population is syndepositional and derived
from the volcanic arc. This sample does not provide any information about drainage
patterns in the Maastrichtian, but it indicates that there was significant volcanic activity
during Malargüe Group deposition that did not occur during deposition of the upper
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Diamante Formation as a result of the continued eastward migration of the volcanic arc
or higher volcanic activity during that time (Fig. 11).
Upper Malargüe Group
Description: The detrital zircon signature of the upper Malargüe Group is
dominated by two main peaks, one at ~300 Ma and another ~65 Ma (Fig. 10). Upon
closer inspection, (Fig. 10) the younger ~65 Ma age component likely represents two
subgroups of grains, one at 69.5 ± 2.3 Ma, similar to the syndepositional peak from the
lower Malargüe Group, and a younger one, at ~61.7 ± 2.1 Ma which is likely synchronous
with deposition of the upper Malargüe Group.
Interpretation: The age range between 60 and 72 Ma implies continuous activity
and input from the volcanic arc in the latest Cretaceous and early Cenozoic. The older,
~300 Ma component, is consistent with what is observed in the lower Diamante
Formation from the MW area suggesting that a similar drainage pattern continued in
the MW area during deposition of the Diamante Formation and Malargüe Group.

DISCUSSION
Basin evolution in the Malargüe area
Our new sedimentological and provenance data show two major changes in
depositional environments: 1) the marine-marginal marine/evaporite transition
between the Agrio and Huitrín formations; and 2) the unconformity and change to
fluvial-alluvial environment in the Diamante Formation. The unconformity between the
Huitrín Formation and the Diamante Formation records a significant period (25 Myr) of
erosion and/or nondeposition in the Neuquén Basin. In a foreland basin system the only
depozone where uplift is expected is the forebulge (DeCelles & Giles, 1996).
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Paleocurrents measured in the Diamante Formation show a shift in paleoflow from
west-directed in the lower Diamante Formation to east-directed in the middle and upper
Diamante Formation. When considered in a foreland basin setting, the change in flow
direction is likely a product of forebulge migration at ~90 Ma. During deposition of the
lower Diamante Formation, the forebulge was a topographic high, supplying sediment
to the distal foredeep. As the foreland basin system moved eastward, the majority of the
sediment came from the fold-and-thrust belt to the west and was deposited in the
proximal foredeep (Fig. 11). A switch from eastern to western sources is supported by a
change in sandstone composition containing basement and volcanic lithic detritus in the
lower Diamante Formation to more sedimentary rock sources in the middle and upper
Diamante Formation. Provenance data from this study do not show a major change in
dominant sediment sources between the deposition of the Aptian Huitrín Formation
and the Cenomanian Diamante Formation. The similarity in detrital zircon signatures
can be explained by the uplift and erosion of Huitrín Formation stratigraphy which was
then recycled into the lower Diamante Formation. A large shift in provenance is
observed instead between the lower and upper Diamante Formations, which is here
interpreted as the product of a change from eastern to western sources. The
combination of paleocurrent, sedimentary petrography, and detrital zircon analysis
indicate an eastern and southern – dominantly volcanic and igneous basement – source
for the lower Diamante Formation and a western – composed of a combination of
volcanic, basement and sedimentary rocks – source for the middle and upper Diamante
Formation. Growth structures documented by Mescua et al. (2013) in Upper Cretaceous
red-beds in Chile imply movement on a thrust fault immediately to the west of the
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stratigraphic sections measured in the Malargüe area for this study (Fig. 2) and support
our model of foreland basin evolution.
According to Giambiagi et al. (2012) there has been a minimum of 20 km of
shortening in the Malargüe area and the location of the thrust front migrated ~180 km
since the Cretaceous when it was located in Chile (Fig. 2; Mescua et al. 2013) leading to
an estimated 200 km of flexural wave migration of the foreland basin depozones since
the Cretaceous. The geomorphic expression of the modern forbulge as documented by
Niviere et al. (2013), has a length of 150 km and a height of 250 m and sits in the La
Pampa High (Fig. 1; Chase et al. 2009). Based on the aforementioned shortening values
and the modern location of the Andean forebulge at 35°S (Chase et al. 2009; Niviere et
al. 2013) it is plausible that the Malargüe area was in the forebulge position during the
Late Cretaceous, and as the flexural wave moved eastward the depositional system
migrated into the foredeep and wedgetop depozones. Eastward migration of the thrust
front seems to have occurred mainly in the Miocene in association with potential
flattening of the Nazca Plate, which led to the uplift of the San Rafael Block (Pascual et
al. 2002), whereas the amount and magnitude of Cretaceous and Paleogene shortening
is less well documented and understood. Thus, if our foreland basin model is correct it
raises issues associated with the amount and timing of shortening and thrust front
migration, which will need to be considered in future studies.
Along-strike variation in timing of foreland basin initiation
Initial uplift of the South American Cordillera ranges from Late Cretaceous to
Paleogene along the length of the Andes (Fig. 1). Our study suggests that the
unconformity between the Huitrín and Diamante formations marks the passage of the
forebulge and that the Diamante Formation was deposited in the foredeep implying that
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shortening in the Malargüe area began between 100 and 90 Ma. This age is in relative
agreement with the ca. 92 ± 1 Ma (Fildani et al. 2003; Romans et al., 2010) timing of
foreland basin initiation in the Patagonian Andes to the south. In the central Neuquén
Basin timing of foreland basin initiation is either interpreted to coincide with the base of
the Neuquén Group (Mosquera & Ramos, 2006, Tunik et al. 2010; DiGiulio et al., 2012)
or with the unconformity between the Rayoso Formation and the Neuquén Group
(Cobbold & Rossello, 2003), anywhere from 110 to 90 Ma.
Timing relationships north of the Malargüe area are less well known. The
Neuquén Basin narrows significantly to the north, but similar stratigraphy (Huitrín and
Diamante formations) is preserved in the Cordillera Principal all the way to the southern
San Juan Province (31°S; Fig. 2). Although the stratigraphy is the same, it is unclear if
the depositional system remained similar to the north. Growth structures identified in
Cretaceous stratigraphy remain the only documented evidence of Cretaceous shortening
in the Cordillera Principal at 33°S (Orts and Ramos, 2006). Arriagada et al.(2006) and
Mpodozis et al.(2005) present evidence for mid to Upper Cretaceous shortening in the
Cordillera de Domeyko in the Atacama Basin (Fig. 1); although these units lack good age
control, they potentially represent the northern equivalent of the Diamante Formation.
At 26 °S, stratigraphy in the Eastern Cordillera and Salta region, ~100 km east of
the Cordillera de Domeyko, record foreland basin initiation and migration in the
Paleocene (Fig. 1; DeCelles et al. 2011), and active rifting was occurring in the back-arc
region during the Cretaceous (Grier et al. 1991). The ~30 million year age discrepancie
between northern Argentina and central-southern Argentina could either be a result of
1) different boundary conditions along the Pacific margin during the Cretaceous,
potentially due to multiple oceanic plates with variable convergence vectors; 2) a lack of
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precise age control on Cretaceous terrestrial units along strike; or 3) expected changes
in timing of foreland basin initiation as the thrust front migrates east. Direct studies of
timing of hinterland exhumation using for example, thermochronology could
significantly improve age resolution along strike.
Global context
Recent plate reconstructions since 200 Ma by Seton et al. (2012) appear to be in
agreement with Early Cretaceous shortening in the central and southern Argentinian
Andes. Rifting in the South Atlantic progressed from south to north in the Late
Cretaceous (Daly et al. 1989) and was associated with substantial intracontinental
deformation within Africa and South America (Unternehr et al. 1988; Nürnberg &
Müller, 1991; Eagles, 2007; Torsvik et al. 2009; Moulin et al. 2010). The South Atlantic
Ocean was opening at the latitude of Malargüe around 130 Ma with absolute motion of
South America towards the northwest (Fig. 4). Complex spreading patterns in the west
Pacific Ocean led Seton et al.(2012) to add two plate segments along the western margin
of South America (Chasca and Catequil plates; Fig. 4), breaking up the Farallon Plate
into multiple segments in the Late Cretaceous. The Chasca Plate appears to subduct
nearly orthogonally beneath the western margin of South America at ca. 120 Ma (Fig. 4;
Seton et al. 2012; Moloney et al. 2013). Apparent motion between the Chasca and South
American plates looks to be convergent between 120 Ma and ~80 Ma, which would be
consistent with shortening beginning in the Malargüe area in the Late Cretaceous along
with a migration of depozones. By the Cretaceous-Paleogene boundary there is no
longer differential movement between the Chasca and Catequil plates, so the Farallon
Plate has a single vector along the entire margin of South America (Fig. 4). The Farallon
Plate has a similar absolute motion to South America in the latest Cretaceous to early
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Paleogene which should have led to either a neutral boundary or extension (Pardo-Casas
& Molnar, 1987; Seton et al. 2012), and may explain why the Malargüe area stays in the
foredeep position during the entire deposition of the Diamante Formation and Malargüe
Group. However, the central Andean rotation pattern of Arriagada et al. (2008) still
predicts dominantly orthogonal convergence in the Cenozoic, so more work will need to
be done to fully constrain plate boundary condition during Andean mountain building.
The next two major pulses of shortening coincide with high convergence velocities in the
Eocene and Miocene (Pardo-Casas & Molnar, 1987) and likely caused major uplift and
an eastward migration of the thrust front, which incorporated the Malargüe area into
the thrust belt, uplifting and potentially eroding much of the foreland basin
stratigraphy.

CONCLUSIONS
The Mesozoic to early Cenozoic history of the Malargüe area records the
transition from thermal to flexural controlled subsidence at ~95 Ma. This change
coincides with a shift in facies from marginal marine to continental sedimentation, and
an increase in clastic input into the northern Neuquén Basin. Paleocurrents indicate a
change from east- to west-derived sediment between the lower and middle Diamante
Formation which is interpreted as a change in sediment source area from the forebulge
to the fold-and-thrust belt, requiring forebulge migration between ~ 95 and 80 Ma (Fig.
11). Following the Upper Cretaceous migration of the foreland basin system it remains
relatively stable during deposition of the Malargüe Group in the latest Cretaceous and
early Cenozoic, however the volcanic arc appears to increase in activity between 70 and
60 Ma (Figs. 10 and 11). Following the deposition of the Malargüe Group, continued
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eastward migration of the fold-and-thrust belt and volcanic arc in the Eocene and/or
Miocene cause uplift and erosion of much of the Upper Cretaceous foreland basin
stratigraphy.
The timing of initiation and migration of the foreland basin system in the
Malargüe area (~95 Ma) is relatively consistent to the south, both in the Central
Neuquén Basin (100 ± 8 maximum depositional age; Tunik et al. 2010; DiGiulio et al.,
2012) and in the Patagonian Andes (92 ± 1 Ma maximum depositional age; Fildani et al.,
2003). North of the Neuquén Basin, in the central Andes, there is strong evidence for
Paleogene shortening (Horton & DeCelles 2001; DeCelles & Horton 2003; Carrapa et al.
2011, 2012; DeCelles et al. 2011) and less well constrained evidence for shortening in the
mid to Late Cretaceous in the Atacama basin to the west (Mpodozis et al. 2005;
Arriagada et al. 2006). The initiation of shortening in the Malargüe area seems to
coincide with shortening to the south, in the Patagonian Andes, and may be
contemporaneous with shortening to the north requiring a plate-scale mechanism. If
shortening to the north does not begin until the Paleogene the transition from extension
to compression requires a regional-scale mechanism and a sharp boundary between
older (~95 Ma) ages in the south and younger (~65 Ma) ages to the north.
Table I: Sedimentary petrology tables
Table II: Lithology codes
Figure 1. Map of South America showing the modern extend of the fold- thrust belt,
location and name of major Andean basins, modern forebulge, as well as timing of
foreland basin initiation or hinterland uplift along strike, (Patagonia segment, Fildani et
al., 2003; Salta area; DeCelles et al., 2011; Carrapa et al., 2012; Bolivia; Sempere, 1997;
Horton and DeCelles 2001; DeCelles and Horton 2003; Atacama, Mpodozis et al., 2005;
Arriagada et al., 2006). Box shows location for Figure 2.
Figure 2. Map showing the location and extent of the Neuquén Basin (gray) the location
of Upper Cretaceous exposures (Leanza et al., 2004; Aguirre-Urreta et al. 2011), and a
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box showing the location of the map in Figure 6. Pink line indicates Cretaceous thrust
front from Mescua et al. (2013) and black shows Miocene-modern thrust front from
Mosquera and Ramos (2006).
Figure 3. Map of various basement provinces of southern South America and their
expected ages (Rio de la Plata, Naipauer et al., 2010; Pampia and Cuyania, Astini et al.,
1995; Chilenia, Ramos et al., 1999; Willner et al., 2008; Paleozoic accretionary prism,
Hervé et al., 1988; Willner et al., 2005, 2008; Patagonia, Rapalini, 2005; Pankhurst et
al., 2006; Rapalini et al., 2013; Choiyoi Province, Kay et al., 1989; Rocha-Campos et al.,
2011). Basement boundary locations modified after Uriz et al., (2011).
Figure 4. Generalized stratigraphic column for the central Neuquén Basin showing
lithologies, ages and tectonic setting of Neuquén Basin stratigraphy, modified from
Mosquera and Ramos, (2006) and plate reconstructions from Seton et al. (2012). Note
that Neuquén Group on this figure is age equivalent with the Diamante Formation.
CHA:Chasca Plate; CAT:Catequi Plate (Seton et al., 2012).
Figure 5. Stratigraphic columns comparing the stratigraphy from the central Neuquén
Basin (Howell et al., 2005) with the formations present in the Malargüe area (Giambiagi
and Ramos 2002; Giambiagi et al., 2008). Note the difference in time for the
unconformity between the Huitrín and Diamante Formations in the Malargüe area
versus the Rayoso-Diamante unconformity to the south. The Malargüe area also
contains significantly fewer Lower Mesozoic rock units. Specific formation names and
ages are shown for the Neuquén and Malargüe Group stratigraphy in both sections.
Figure 6. Generalized geologic map of the study area showing the location of the three
measured sections (Los Angeles, Bardas Blancas and Malargüe West). Figure location
shown in Figure 2. Modified after Nullo et al., (2005). Notice the discontinuous nature
of the Huitrín Formation.
Figure 7A. Measured stratigraphic section from the Los Angeles area along with the key
used in all stratigraphic sections (7A, 7B and 7C). Lithology codes are defined in Table
II.
Figure 7B. Measured stratigraphic section from the Bardas Blancas area.
Figure 7C. Measured stratigraphic section from the Malargüe West area.
Figure 8. Photo panel of important facies and sedimentary structures in the Agrio (A, B),
Huitrín (C, D), Diamante (E, F) formations and Malargüe Group (G, H): A. is thinly
laminated organic rich shale with nodular thickly bedded carbonate beds. B. Bivalve
packstone at the base of the Malargüe West section. C. Massive gypsum from the
Malargüe West section D. Laminated gypsum. E. Lateral accretion sets from the
Malargüe West section. F. Example of bioturbation common in the Malargüe west
section. G. Contact between the red beds of the upper Diamante Formation and the
yellow Malargüe Group. H. Cross bedded, glauconitic sandstones from the Malargüe
Group.
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Figure 9. Ternary diagrams plotting sedimentary petrography for the Diamante
Formation. (A) Provenance field are from Dickinson et al. (1983). B. Diagram showing
modal abundance of quartz (Q), plagioclase (P), and potassium feldspar (K).
Figure 10. Detrital zircon U-Pb data plotted as relative age probability curves (red thick
line) and age histograms (blue rectangles) for the Agrio, Huitrín, and Diamante
formations and the Malargüe Group. Important source areas are highlighted in different
colors. The number of grains in each sample is denoted with n=x below sample name.
Maximum depositional age is denoted immediately adjacent to the youngest peak on
samples with syndepositional zircons.
Figure 11. Paleogeographic reconstructions showing generalized depositional and
tectonic environments during deposition of each unit (130 Ma, Agrio Formation; 125
Ma, Huitrín Formation; 100 Ma, unconformity between the Huitrín and Diamante
formations; 95 Ma, Diamante Formation; 65 Ma, Malargüe Group) described in this
paper.
Supporting Information
Appendix 1. Tables with point counting information. 1A. Abbreviations used and
equations for recalculated values shown in Table I. 1B. Raw point count data.
Appendix 2. Detrital zircon extended methods (2A) and datatables (2B).
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APPENDIX 2
TITLE: Tectono-Stratigraphic Evolution of the Aconcagua Region and
Along-Strike Variability in Basin Development Along the Southern Central
Andes
ABSTRACT
The Andes Mountains are the type-example of a Cordilleran-style orogenic
system. The modern geometry and age of the subducting Nazca oceanic plate can thus
be directly compared to shortening in the retroarc, the location of high topography, and
the migration of the foreland basin system. Although significant upper-crustal
shortening occurred in the Miocene to recent times and earlier phase of shortening
(Late Cretaceous and Eocene) have been documented along much of the Andes.
However, the timing and magnitude of this earlier shortening remain poorly
constrained due to magmatic and tectonic overprinting. Retroarc basin stratigraphy,
preserved in the fold-and-thrust belt of the high Andes, preserves a record of the
changes in tectonic regimes through time. The well-studied Central Andes and
Patagonian Andes record variable timing for the initiation of foreland basin deposition
at 65 Ma and 95 Ma, respectively. The Neuquén Basin (32˚S -40˚S), sits between these
two areas, providing an important link between the central and southern Andean
segments. This change in timing also corresponds with a change in crustal thickness and
topography which are both thicker and higher in the Central Andes with respect to
surrounding areas along strike and may be caused by varying boundary conditions
(between the oceanic plates and South America).
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The Aconcagua area (~32˚S) is located at the northern edge of the Neuquén
Basin and preserves Upper Jurassic and Miocene sedimentary rocks, which record the
earliest record of shortening at this latitude. This study presents new sedimentological
and detrital zircon U-Pb data from the Jurassic to latest Cretaceous Tordillo,
Mulichinco, Agrio, Huitrín, Diamante, and Juncal Formations in this segment of the
Andes. These datasets are used to determine depositional environments, stratigraphic
relations, provenance, and maximum depositional ages of these sedimentary units and
ultimately evaluate the role of tectonics on sedimentation in the Aconcagua area in the
Late Cretaceous. Subsidence analysis shows that the initiation of foreland basin
deposition occurred at ~100 Ma with the deposition of the Huitrín Formation, which
recorded an episode of erosion marking the passage of the flexural forebulge. This was
followed by an increase in tectonic subsidence, along with the appearance of recycled
sedimentary detritus, recorded in petrographic and detrital zircons analyses, as well
development of an axial drainage pattern, consistent with deposition in the flexural
forebulge between 95 and 80 Ma. By ca. 70 Ma the volcanic arc migrated eastward and
was a primary local source for detritus. Growth structures recorded in latest Cretaceous
units immediately south of the study area imply 35-40 km of foreland migration
between 95 and 60 Ma. The Late Cretaceous phase of shortening and later early
Cenozoic tectonic quiescence (or extension in some places) is relatively consistent with
what has been observed in the Patagonian Andes to the south, but is distinctly different
from what is observed in the Central Andes of northern Argentina and Bolivia.
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INTRODUCTION
The Andes Mountains, at over 7000 km long, are the longest mountain chain on
Earth and contain the highest peak (Cerro Aconcagua: 6962 m) in the western
hemisphere. The Neuquén basin (32°-40°S; Figs. 1 and 2), sits in a retroarc position and
contains a sedimentary sequence up to 7000 m thick and ranging in age from late
Triassic to Neogene (Legarreta and Gulisano, 1989 Legarreta and Uliana, 1999; Howell
et al., 2005; Fig. 2). In the north, in the Malargüe and Aconcagua fold-and-thrust belts it
forms a narrow belt through the high Andes, whereas south of 36°S the basin expands
eastward forming a large embayment (Fig. 1). The Neuquén Basin is characterized by a
complex tectonic history initiating as isolated rift basins with predominant NNW trend
in the early Mesozoic (Cristallini et al., 2009; Giambiagi et al., 2009). After a post-rift
stage of thermally driven subsidence during the Jurassic and early Cretaceous the
Neuquén Basin evolved into a retroarc foreland basin in the Late Cretaceous in response
to shortening of the fold-and-thrust belts to the west.
The Neuquén Basin records continuous retroarc sedimentation across a major
transition from the central to the southern Andes, where an abrupt southward decrease
in horizontal shortening and mean topographic elevation occurs. The cause of the
change in topography and upper-plate shortening is debated, and numerous factors
have been suggested to explain these differences, including variation in subduction
dynamics and age and geometry of the slab (e.g., Jordan et al., 1983; Ramos et al., 2004;
Ramos, 2010), rheological and inherited fabric of the South American plate (e.g., Ramos
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et al., 2004), and climate variations (e.g., Lamb and Davis, 2003; Montgomery et al.,
2001).
Although the majority of crustal shortening and high topography in the central
and southern Andes has been explained by Miocene-recent compressional event
(Sheffels, 1990; Farías et al., 2010), the effect of Upper Cretaceous and Eocene tectonics
on deformation and uplift remains unclear (Mpodozis and Ramos, 1989). Cretaceous
shortening is recorded by growth structures preserved within the Neuquén Basin (Orts
and Ramos 2006; Mescua et al., 2013; Cobbold and Rossello, 2003). The magnitude and
spatio-temporal variability in the earliest shortening phase thus remain poorly
constrained along strike.
Various studies in the Eastern Cordillera of central Bolivia (e.g. Horton &
DeCelles 2001; DeCelles & Horton 2003) suggest that a regional retroarc foreland basin
began in the latest Cretaceous-early Cenozoic. In Northern and Central Argentina,
Cenozoic strata record an active eastward-migrating foreland basin system that initiated
in the Paleocene (Jordan et al. 1983; Del Papa, 1999; Del Papa et al., 2004; Carrapa et
al. 2011; 2012; DeCelles et al. 2011). To the west, in the Atacama Desert of Chile, growth
strata record Late Cretaceous shortening (Mpodozis et al. 2005; Arriagada et al. 2006).
In the same area, contractional structures documented by Martinez et al. (2012; 2013)
also record shortening near the Cretaceous-Paleocene boundary. In the southern
Patagonian Andes, Fildani et al. (2003) proposed that the abrupt occurrence of
sandstone in the Punta Barra Formation signified the initiation of contractional
deformation at 92 ± 1 Ma. Detrital zircon U-Pb provenance studies in the central and
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southern Neuquén Basin (Tunik et al. 2010; Di Guilio et al. 2012; Balgord and Carrapa,
2015; Fennell et al., 2015) support a Late Cretaceous (100 ± 8 Ma) initiation of foreland
basin deposition in the central and southern Neuquén Basin. As the Neuquén Basin
narrows to the north (Fig. 1) similar stratigraphy is observed in the Aconcagua area, but
a lack of detailed sedimentological and geochronological information makes direct
comparison to the central and southern Neuquén Basin difficult.
The goal of this study is to determine the timing and mechanisms of basin
subsidence in the northernmost segment of the Neuquén Basin as well as the preshortening basin geometry. We apply a multidisciplinary approach that integrates
sedimentology, subsidence and flexural analysis, and detrital zircon U-Pb
geochronology in order to characterize Cretaceous to Lower Cenozoic stratigraphy,
depositional environments, provenance patterns and basin subsidence history in the
Aconcagua area (33 °S). The combination of these datasets (discussed below) indicate
that deposition in a foreland basin commenced by at least 95 Ma and that there was 3540 km of foreland basin migration during the late Cretaceous.

TECTONIC AND GEOLOGIC SETTING
The southern-central Andes comprise, from west to east, the Cordillera Coastal,
Cordillera Principal, Cordillera Frontal, Precordillera, and southern end of the Sierras
Pampeanas (Fig. 1). The entire study area comprises deformed Mesozoic Neuquén Basin
stratigraphy within the Cordillera Principal. Reconstructing primary geometry of the
Neuquén Basin requires accounting for Cretaceous to modern shortening observed in
the Cordillera Principal, Cordillera Frontal and the Precordillera at the latitude of
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Aconcagua, and the Cordillera Principal in the central and southern Neuquén Basin
(Fig. 1).
Central Argentina Basement Terranes
The basement of the Neuquén Basin comprises the Chilenia, Cuyania, Pampian,
and Patagonia terranes, which were accreted onto the southwestern margin of
Gondwana during Neoproterozoic to Permian time (Fig. 3; Ramos, 2010 and references
therein). The cratonal core of southern South America is the Rio de la Plata craton (Fig.
3) which is composed of igneous and metamorphic rocks with zircon U-Pb ages ranging
from 2200 to 2000 Ma (Rapela et al. 2007). The Pampian terrane contains ca. 11001200 Ma basement (Rapela et al. 2007) and collided with the Rio de la Plata craton
during latest Proterozoic-early Cambrian time (Pampean Orogeny, Ramos, 1988; Rapela
et al. 1998; Ramos, 2010). The Famatinian magmatic arc formed along the western
margin of the Pampian Terrane during the Cambrian to Ordovician (Pankhurst et al.
1998; Vujovich et al. 2004; Sato et al. 2003) and led to the subsequent collision and
accretion of the Cuyania terrane (1360-1400 Ma and 1070-1200 Ma; Naipauer et al.
2010;Thomas & Astini, 1996; 2003; Ramos, 2004). Following the collision of Cuyania,
Silurian-Devonian strata were deposited in a foreland basin (Caminos, 1979; Astini et al.
1995), which was then metamorphosed and deformed during a collision with the
Chilenia terrane in the Late Devonian (Ramos 1999; Willner et al. 2008). After this
collision, a magmatic arc and accretionary prism developed along the western and
southern margin of Gondwana between 300 and 250 Ma (Hervé et al. 1988; Willner et
al. 2005; 2008), which received sediment from the east (Willner et al. 2008). Along the
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southern margin of Gondwana subduction of oceanic crust led to the formation of arc
batholiths, and paired metamorphic belts that were uplifted during the accretion of the
Patagonian terrane in the Permian (peak metamorphism 375-310 Ma; Pankhurst et al.
2006).
Upper Paleozoic and Triassic Basement Units
Upper Paleozoic sedimentary units that have been metamorphosed to phyllite
comprise the oldest units in the Aconcagua area (Polanski, 1957) and are exposed along
the Rio de las Vacas on the boundary between the Cordillera Principal and the Cordillera
Frontal (Fig. 4). These units are intruded by Carboniferous and Permian granitoids
(Polanski, 1964). In the late Early Permian, the Gondwanan orogeny , locally known as
the San Rafael phase (Caminos, 1979), deformed these units and generated a 500-kmwide orogenic belt and uplifted the San Rafael block in southern Mendoza Province
(Kleiman and Japas, 2009; Sato et al., 2015; Fig. 1). Permian–Triassic intermediate and
felsic volcanic and volcanoclastic units of the Choiyoi Igneous Complex unconformably
overlie and intrude the previously deformed Late Paleozoic units. The Choiyoi Igneous
Complex comprises lower and upper units with corresponding ages of ca. 280 Ma and
ca. 265 Ma-250 Ma (Sato et al., 2015). Geochemical and structural analysis of units
from the lower Choiyoi Igneous Complex indicates arc-related volcanism associated
with NNE oblique convergence; conversely, in the upper Choiyoi Igneous Complex
volcanism is associated with extension. In some areas the youngest phase of Choiyoi
igneous activity is followed by rift-related volcanism that led to the opening of the
Neuquén Basin (ca. 223 Ma; Naipauer et al., 2015).
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Neuquén Basin Stratigraphy
During the Late Triassic to Early Jurassic, central western Argentina underwent a
major extensional event associated with the breakup of the Pangea supercontinent
(Digregorio et al., 1984; Legarreta and Uliana, 1991).Continental clastic rocks were
deposited in isolated depressions throughout the Jurassic in what is now the Cordillera
Principal (Gulisano, 1981; Uliana and Biddle, 1988; Legarreta and Gulisano, 1989). The
Aconcagua area was a topographic high known as the Alto del Tigre in the Early to
Middle Jurassic and was flanked by two Neuquén rift depocenters, the La Ramada in the
north and Yeguas Muertas to the south (Fig. 1; Álvarez, 1996; Alvarez and Ramos, 1999).
There was no deposition in the Aconcagua area during the Late Triassic and early
Jurassic because of its high paleotopography. The Neuquén Basin stratigraphy in the
Aconcagua area begins with Oxfordian–Early Kimmeridgian transgression when the
marine platform limestones (La Manga Formation) and extensive evaporites (Auquilco
Formation) were deposited (Fig. 2; Alvarez et al., 1999). During most of the Jurassic and
Cretaceous, subsidence in the Neuquén Basin was controlled by the subduction
processes along the Pacific margin and the opening of the South Atlantic Ocean (starting
at ~130 Ma), which created a major reorganization of the extensional stress field
(Vergani et al., 1995). The Jurassic magmatic arc along the western margin of the
Neuquén Basin is characterized by thick bimodal, submarine volcanic units which are
locally metamorphosed by syntectonic granitoids (Rivano and Sepulveda, 1986; Rivano
et al., 1993). The Late Jurassic magmatic arc was dominated by extensional tectonics
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(Charrier, 1984; Mpodozis, 1984) and variably intruded, and was interbedded with
marine units.
Although it is generally argued that there are no active normal faults after the
Middle Jurassic in the northern Neuquén basin (Legarreta y Gulisano 1989, Legarreta y
Uliana 1991, Gulisano y Gutiérrez Pleimling 1995, Legarreta y Uliana 1999, Howell et al.,
2005), several lines of evidence suggest that thick sequences of red conglomerates,
sandstones and shales of the Tordillo Formation were deposited in half-graben (Figs. 4
and 5). Specifically, the thickness of these continental sequences is highly variable,
between 50 m to more than 1000 m in a 2-km-long area, as recognized by Cegarra and
Ramos (1996) and shown in a reconstruction of the rift geometry by Giambiagi and
Ramos (2002).
Following the deposition of the Tordillo Formation, the Upper Jurassic to Lower
Cretaceous Mendoza Group was deposited in a much deeper, dominantly marine basin
where subsidence was controlled by thermal relaxation (Vergani et al., 1995). Evidence
for minor extension at this time is recorded by the geochemical signature of retro-arc
basaltic andesites along the western margin of the basin (Vergara and Nystrom, 1996).
The Mendoza Group consists of three main lithostratigraphic units (Aguirre-Urreta and
Lo Forte, 1996): 1.) the Vaca Muerta Formation that comprises fetid black shales with
calcareous nodules and abundant nektonic fauna, mostly ammonites, fish, marine
reptiles; 2.) the Mulichinco Formation which comprises interbedded sandstones,
evaporites and volcanoclastic units; and 3.) the Agrio Formation that is composed of
bioturbated packstones containing large oysters, that form amalgamated beds up to 4
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meters thick. These units were deposited in a shallow platform environment (Fig. 2;
Aguirre-Urreta, 1996; Aguirre-Urreta and Alvarez, 1998).
The Huitrín Formation is part of the regional Rayoso Group and was deposited in
Aptian-Albian time (Fig. 2). Regionally the Huitrín Formation is div ided into three
members (Leanza, 2003): the Troncoso Member composed of fluvial and aeolian
sandstones (Lower Troncoso) and evaporites (Upper Troncoso); the La Tosca Member
composed mostly of carbonates; and the Salina Member composed of multicolored
shales alternating with thin evaporite beds. Detailed analysis of the bivalve fossils within
the upper Huitrín Formation (La Tosca Member) by Lazo and Damborenea (2011)
indicate a restricted, hypersaline setting with some marine influence. Deposition of the
Huitrín Formation occurred during final connection of the Neuquén Basin to the Pacific
Ocean during the Aptian-Albian (Lazo et al. 2005). In the Aconcagua area, the different
members are not recognized, and this unit is represented by siltstone, limestone and
nodular gypsum with minor sandstones (Yrigoyen, 1976, 1979; Aguirre-Urreta and Lo
Forte 1996).
The contact between the Huitrín Formation and the overlying Diamante
Formation is conformable in the Aconcagua area (Fig. 5) with the former becoming
coarser grained up section and transitioning from gypsum-dominated to sandstonedominated. The Diamante Formation is described in detail below. According to
Cristallini and Ramos (1996), this unit was deposited in the Aconcagua area in
meandering and braided fluvial systems, with local lacustrine and alluvial fan
intercalations. The Diamante Formation in the Aconcagua area is correlative with the
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coarser and more volcanic-rich Cristo Redentor Formation and dominantly volcanic
Juncal Formation (Cristallini and Ramos, 1996). At the regional scale, the Diamante
Formation is age correlative (95-80 Ma) and has many of the same facies as the
Neuquén Group stratigraphy to the south and southeast, but does not contain all of the
specific members and formations documented to the south (Leanza & Hugo, 2001;
Leanza et al. 2004).

METHODS
Five areas were targeted for this study, based on previous geologic mapping in
the region (Ramos et al. 1994), from west to east: the Cerro Negro, Playa Ancha, Puente
del Inca, Cerro Rico, and Quebrada Blanca (Fig. 4 and 5). Detailed sections were
measured in the Playa Ancha area, where the entire thickness of the Huitrín and
Diamante Formations is exposed (Fig. 6A) and in the Cerro Negro section (6B), where
the entire thickness of the Huitrín Formation was measured as well as the first 190 m of
the Cristo Redentor. Lithofacies identified in the stratigraphic section are based on the
lithofacies codes of Miall (1978) with some modifications (Table 1) and carbonate facies
description are based on the carbonate naming scheme of Dunham (1962) as modified
by Embry & Klovan (1971) (Table 1). Paleocurrent directions were determined for the
Diamante Formation using limbs of trough cross-strata (method I of DeCelles et al.
1983). The other three sections are combined with the Playa Ancha and Cerro Negro
sections to create a fence diagram across the study area (Fig. 5; from west to east , Cerro
Negro, Playa Ancha, Quebrada Vargas, Cerro Rico, and Puente del Inca sections) of the
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exposed basin strata. In general sections started at the contact between the Agrio
Formation (Lazo et al. 2005; Archuby et al. 2011) and Huitrín Formation (Veiga et al.
2005) and continued through the Diamante/Cristo Redentor and Juncal Formations
(Cristallini and Ramos 1996; Fig. 2). The studied sections currently span an E-W
distance of ~ 5 km and a N-S distance of ~40 km (Fig. 4), however based on shortening
estimates from Cegarra and Ramos (1996) the stratigraphic sections were ~16 km across
when they were deposited (Fig. 5).
Sandstone Petrology and Conglomerate Clast Counts
Nineteen sandstone samples were point counted for sedimentary petrography
from four formations; five samples from the Huitrín Formation in the Playa Ancha
section, ten samples from the Diamante Formation in the Playa Ancha section two
samples from the Cristo Redentor in the Cerro Negro section, and two samples from the
Juncal Formation from the Playa Ancha section (Figs. 4, 6A, 6B, and 9). Thin sections
were stained for Ca- and K-feldspars and point-counted (at least 350 counts per slide)
according to the Gazzi-Dickinson method (G-D) (Gazzi, 1966; Dickinson, 1970; Ingersoll
et al. 1984) to assess bedrock provenance. Petrographic parameters are listed in
Supplemental Information 1A, and recalculated modal data, as well as member averages
and standard distributions, are listed in Table 2. The ternary diagram with total quartzfeldspar-lithic (QFL) is shown in Fig. 9 (Dickinson et al. 1983). None of the samples
counted had more than 100 lithic fragments of varying types to allow for a separate
quantitative analysis of the lithic fraction, however, qualitative descriptions of the lithic
fragments are provided based on the available data.
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Conglomerate clast counts were performed in the upper 600 m of the Diamante
Formation (Fig. 6A) in the Playa Ancha section and are compared qualitatively to
observations from the Cristo Redentor Formation in the Cerro Negro section and the
Juncal Formation where it was observed in both the Playa Ancha and Cerro Negro
sections (Fig. 10).
Detrital Zircon U-Pb Geochronology
Detrital and igneous zircon U-Pb geochronological analysis was conducted by
laser ablation multicollector inductively coupled plasma mass spectrometry (LA-MCICPMS) at the Arizona LaserChron Center (www.laserchron.org) using analytical
methods described by Gehrels et al. (2006, 2008) and Gehrels and Pecha (2014).
Cathodoluminescence (CL) or backscatter electrons (BSE) images, acquired with a
Gatan Chroma CL2 system (www.geosemarizona.org), were used to ensure that analyses
were conducted on homogeneous portions of zircon grains.
The U-Pb analytical data are reported in Supplementary Information Tables-1-10.
These tables present the isotopic ratios, concentrations, calculated ages, and
uncertainties for each analysis. Also reported for each analysis is the “Best Age,” which
is based on 2 06 Pb*/238U for <900 Ma grains and

2 06Pb*/207 Pb* for

>900 Ma grains. Not

included in these tables are analyses that are highly (>10%) discordant or reverse
discordant, and analyses with >10% uncertainty. These filters are not applied to <600
Ma 2 06Pb*/207 Pb* ages and <100 Ma 2 06Pb*/238U ages.
For detrital analyses, the ages are shown on relative age-probability diagrams
using the routines in Isoplot (Ludwig, 2008; Fig. 11 and 12). The age-probability
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diagrams show each age and its uncertainty (for measurement error only) as a normal
distribution, and sum all ages from a sample into a single curve (Fig. 12). Composite age
probability plots are made from an in-house Excel program (see Analysis Tools at
www.arizonalaserchron.org) that normalizes each curve according to the number of
constituent analyses, such that each curve contains the same area, and then stacks the
probability curves (Fig. 11). Maximum depositional ages were calculated by taking the
youngest age components, generally three or more grains, that overlap in age within
error and calculating a mean and standard deviation taking into account the original
uncertainty in the grain age based on recommendations from Dickinson & Gehrels
(2009) (shown in Fig. 11).
For igneous analyses, the ages are shown with weighted mean diagrams using the
routines in Isoplot (Figs. 13; Ludwig, 2008). The weighted mean diagrams show the
weighted mean (weighting according to the square of the internal uncertainties), the
uncertainty of the weighted mean, the external (systematic) uncertainty that
corresponds to the ages used, the final uncertainty of the age (determined by quadratic
addition of the weighted mean and external uncertainties), and the MSWD of the data
set.
Subsidence analysis
Analysis of subsidence for the northern Neuquén Basin was determined by
backstripping the Late Triassic-early Cenozoic stratigraphic section. Backstripping is a
technique to calculate isostatic subsidence through time by iteratively removing loads of
sediment and water (Fig. 7; Armin and Mayer, 1983; Bond and Komitz, 1984). The
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residual component of subsidence not explained by isostatic loading is ascribed to
tectonic causes.
The data required for backstripping for the local-loading model of isostasy are
lithology, thickness, age of strata, and paleobathymetry for selected stratigraphic
intervals. Porosity and densities were determined based on lithologies after Allen and
Allen (2005). Due to uncertainties with paleoelevation for continental strata only total
subsidence was calculated and eustatic sea level was not taken into account. Compaction
during burial can be estimated from changes in porosity as a function of lithology, initial
porosity, and burial depth (Van Hinte, 1978). Backstripping with compaction
corrections thereby allows construction of geohistory diagrams (Van Hinte, 1978) that
depict subsidence versus time for stratigraphic sections (Fig. 7). The subsidence curve
was produced by combining stratigraphic thicknesses and maximum depositional ages
from detrital zircon age data collected in association with this study and biostratigraphy
and chronostratigraphic control from previous wo. Generally thicknesses were taken
from the measured section in the Playa Ancha area, with earlier Mesozoic stratigraphy
thicknesses coming from Cegarra and Ramos (1996).

RESULTS AND INTERPRETATIONS
Facies analysis, paleocurrents, and depositional environments
Huitrín Formation
Description: The thickness of the Huitrín Formation is highly variable, ranging
from less than 110 m in the Cerro Negro (Fig. 6B) section to 235 m in the Playa Ancha
section (Figs. 5 and 6A). The contact between the Agrio and Huitrín Formations is
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gradational in the Cerro Negro section, with a gradual change from shallow marine
limestones to laminated gypsum and is marked by the first appearance of gypsum. In
the Playa Ancha and Cerro Rico sections the Agrio Formation is capped by a quartz
pebble conglomerate which is variably overlain by thinly laminated red mudstone and
laminated gypsum. The basal Huitrín Formation in the Cerro Negro section contains a
~10 meter package of massive purple, yellow, and red siltstone and mudstone with
minor layers of bedded gypsum nodules (Figs. 14B). Thick limestone beds with
abundant bivalve fossils (Figs. 14A) are also common in the lower 50 m of the Cerro
Negro section. The base of the Playa Ancha section contains 60 m of interbedded
dolostone with abundant bivalves and thinly bedded gypsum with minor thinly bedded
brown siltstone (Fig. 6A). The formation transitions from laminated mudstone with
minor gypsum, to dominantly gypsum with minor mudstone and finally 50m of
dominantly massive gypsum with a few preserved laminated gypsum layers interbedded
(Figs. 6A and 14B). Thinly laminated gypsum beds are wavy and irregular, with minor
interbedded siltstone, shale, and micrite. In all sections the massive gypsum gradually
transitions to thinly laminated gypsum beds interbedded with thinly bedded ripplecross laminated sandstones (Figs. 6A and 6B).
Interpretation: The abundance of laminated and nodular evaporite facies, along
with interbedded carbonate, siltstone and shale, suggests deposition in a low energy,
restricted environment (James & Kendall, 1992). The siltstone, mudstone, and gypsum
are interpreted as being deposited in a playa mudflat (e.g., Flint, 1985; Hartley et al.
1992). The presence of fine-grained, laminated beds and gypsum is indicative of an arid
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or at least episodically dry environment (e.g. Hardie et al. 1978). Irregularly laminated
limestones are interpreted as algal mats.
The interbedded laminated gypsum, limestones, and nodular gypsum, and algal
mats record an open, supratidal environment, whereas the massive gypsum beds
observed in the Playa Ancha section indicate a restricted lagoonal environment (Butler
et al. 1982; Wilson, 1975). The limestones in the Playa Ancha and Cerro Negro sections
contain fossiliferous packstones and grainstones composed of a single type of bivalve
fossil (Figs. 14A), indicating a high productivity, low diversity ecosystem, similar to
those described in detail by Lazo & Damborena (2011) in the central and southern
Neuquén Basin. The variability in lithologies is a product of fluctuating water chemistry,
biologic activity, and clastic sedimentary input. The Huitrín Formation was deposited in
a restricted marine environment where the rate of evaporation outpaced recharge
allowing for the precipitation of gypsum. There was a general increase in clastic
sedimentary input up section and a decrease in evaporite deposition. This interpretation
is in agreement with the environmental conditions interpreted for this unit regionally
(Legarreta and Uliana, 1999).
Diamante Formation
The base of the Diamante Formation is marked by a 25 m thick section of thin to
medium bedded, ripple-cross laminated, and massive red sandstones that conformably
overlies laminated gypsum deposits of the Huitrín Formation. The total thickness of the
Diamante Formation in the Playa Ancha section is 950 m; the Puente del Inca section is
fault bounded above and below and contains ~900 meters of section (Fig. 6A and 6B).
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There is a 30 m thick felsic sill that cuts the base of the Diamante Formation in t he
Aconcagua sections. The lower 300 m of the Diamante formation is dominated by
ripple-cross laminated, planar laminated and massive fine to medium grained
sandstone with minor laminated siltstone and mudstone (Fig. 6A). The Puente del Inca
section is dominantly massive sandstone that is heavily bioturbated, with minor troughcross stratified and planar laminated sandstone and conglomerate. Bedded carbonate
nodules are common; they are also at times reworked into conglomerate beds. Over the
next 100 meters in the Playa Ancha and Plaza Argentina sections this formation
becomes more coarse-grained with alternating medium to thick beds of trough-cross
stratified sandstones, planar laminated sandstones, and massive sandstones. Beds tend
to be lenticular on a horizontal scale of 10-20 m (Fig. 6A). The uppermost 200 m of the
Diamante Formation become dominated by medium to thickly -bedded conglomerate
units. Some units are trough-cross stratified and fine upwards (Fig. 15A), others are
matrix supported, massive conglomerates with minor inverse grading. Seventy meters
below the top of the Diamante Formation there are three 5-20 meter-thick andesite
flows interbedded with the sandstones and conglomerates (Fig. 6A). Conglomerates
immediately above the andesite flows comprise up to 100 % cobble-boulder sized
andesite clasts (Fig. 15C). All paleocurrent locations show paleoflow directed towards
the south-southeast throughout the Diamante Formation.
Interpretation: In our interpretation, we refine the proposal of Cristallini and
Ramos (1996) for this unit. These authors, based on a profile log near the Puente del
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Inca section presented in this work, suggested a fluvial environment including
meandering and braided rivers, with alluvial fan and lacustrine intercalations.
We interpret trough cross-bedded sandstones within lenticular sandstone bodies
(lags) to be deposited by the migration of dune bed forms within fluvial channels (Miall,
1996). Massive fine-grained sandstone and siltstone facies commonly contain evidence
for weakly to moderately developed soils including root casts ( in the Puente del Inca
section), mottling, absence of stratification, and carbonate nodules, which are
interpreted as floodplain deposits (sensu Retallack 1988). The red color indicates an
oxidized subsurface and minor carbonate concretions in the Puente del Inca section
indicate and arid to semiarid environment (Hardie et al. 1978). Up section,
conglomerates are interpreted to have formed as a result of high-density flows during
high discharge events (Smith, 1987). Matrix-supported conglomerate beds are
interpreted as high viscosity debris flows due to their non-erosive bases and massive
bedform (Buck, 1983; Schultz, 1984). We interpret the lenticular conglomerates as
resulting from deposition in shallow, gravely, bed load channels, with planar
stratification forming due to tractional flow at the channel base (e.g., Nemec & Steel,
1984). Trough cross-bedded sandstones and pebble conglomerates are interpreted as
being derived from the migration of dune bed forms within sand-gravel bed channels in
a fluvial depositional environment (Miall, 1996). Due to the combination of debris flow
deposits, vertically stacked channel deposits, and an overall lack of fine grained material
and soil formation we interpret this facies association to indicate a mixed braided fluvial
and distal alluvial fan environments (Miall, 1978), with some proximal deposits (e.g.
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boulder conglomerates) at the top. This package appears to be a prograding system with
potential minor meandering fluvial facies in the easternmost (Puente del Inca) section,
dominantly braided fluvial deposits throughout the majority of the Playa Ancha section,
and finally proximal alluvial fan facies in the uppermost Diamante Formation.
Cristo Redentor Formation
Description: The contact between the Huitrín formation and the Cristo Redentor
Formation is sharp and irregular with massive conglomerate facies sitting directly on
top of laminated fine-grained sandstone (Fig. 14CB). The Cristo Redentor Formation in
the Cerro Negro section, is 580 m thick, and contains predominantly volcanic detritus.
It is in general very coarse grained, with only minor laminated medium-coarse maroon
and dark green sandstone facies (Fig. 14D). The lower 40 m contains abundant troughcross stratified sandstone (Fig. 14D) and conglomerate and minor planar laminated
conglomerate. Up section matrix supported massive conglomerate facies dominate. All
conglomerate clasts are plagioclase-rich volcanic pebbles and cobbles (Fig. 14C).
Interpretation: Similar to facies observed in the upper parts of the Diamante
Formation, the conglomerates in the Cristo Redentor Formation are interpreted to have
formed as a result of high-density flows during high discharge events (Smith, 1987) and
matrix-supported conglomerate beds are interpreted as high viscosity debris flows due
to their non-erosive bases and massive bedform (Buck, 1983; Schultz, 1984). Trough
cross-bedded sandstones and pebble conglomerates are interpreted as being derived
from the migration of dune bed forms within sand-gravel bed (Miall, 1996). The Cristo
Redentor Formation is interpreted to have been deposited in a proximal alluvial fan
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setting based on the dominance of massive conglomerate beds and their unimodal
composition.
Juncal Formation
Description: The contact between the Juncal and Diamante Formations is
gradational both vertically, with andesite flows appearing in the upper Diamante
Formation interbedded with sandstone and conglomerate, and laterally, as noted by
Cristallini and Ramos (1996). In this work, we define the base of the Juncal Formation
by the appearance of amalgamated matrix-supported volcanic deposits. The entire
thickness of the Juncal Formation was not preserved or accessible in any of the
measured section. The Aconcagua sections were cut by faults after ~300 m of section.
The Penitentes sections were too steep to be accessed. The Juncal Formation comprises
thick- to massively-bedded, matrix-supported, gravel-boulder conglomerates dominated
by andesitic clasts. Beds are tabular in nature over for the extent of the exposures (2030 m).
Interpretation: Matrix-supported conglomerate beds are interpreted as high
viscosity debris flows due to their non-erosive bases and massive bedform (Buck, 1983;
Schultz, 1984). The overall massive nature of the units within this formation, and lack of
apparent cross stratification or normal grading imply that there was little to no water
present during deposition of the Juncal Formation. These flows are interpreted as
primary volcanic deposits or slightly reworked mass wasting events, such as lahars, in
coincidence with the interpretation given by Cristallini and Ramos (1996).
Sandstone petrology, conglomerate clast counts and provenance
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Huitrín Formation
Description: The five samples collected from the Huitrín Formation plot in a
tight cluster on the QFL diagram (Fig. 9). The samples are all dominated by plagioclase
in the monomineralic fraction, ranging from 75-86% feldspar. Compositionally they
contain one arkosic wacke and four arkosic arenites. All samples have iron oxide cement
and large amounts of iron staining. Lithic components are split between sedimentary
lithic fragments and both mafic and felsic volcanic fragments with mafic volcanic
fragments being the most common (40% of total lithic grains). Accessory minerals
include minor muscovite, biotite, zircon, and iron oxides.
Interpretation: All samples from the Huitrín Formation plot within the
continental block uplift field from Dickinson et al. (1983) (Fig. 9). The dominance of
plagioclase feldspar within these samples implies an exposed mafic plutonic source or
shallow level intrusive unit.
Diamante Formation
Description: Sandstones from the Diamante Formation fall into three distinct
clusters based on their stratigraphic and geographic location. The three samples from
the lower Diamante Formation are dominantly feldspathic. They contain between 75
and 85% feldspar with minor monocrystalline quartz and lithic fragments (Fig. 9 and
Table 2). All seven samples from the upper Diamante Formation contain significantly
more quartz and lithic fragments (48-65% and 13-20% respectively), putting them all
within the recycled orogeny tectonic field (Fig. 9). Samples vary between and
lithofeldspathic and lithic arenite and contain abundant monocrystalline quartz grains,
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with lesser amounts of polycrystalline quartz, and quartzose sedimentary lithic
fragments.
In all samples plagioclase is much more abundant than K-feldspar (<5% of total
feldspar in all samples). Sedimentary lithic fragments comprise dominantly quartzose
sandstone, and siltstone with minor limestone and shale. Volcanic grains include
lathwork, microlitic, felsic), and dominant mafic varieties. Minor amounts of micas,
zircon, and Fe-oxide altered fragments are present. Modal sandstone compositions are
regionally consistent, with monomineralic fractions dominated by either plagioclase or
quartz, and lithic compositions dominated by volcanic grains (Fig. 9; Table 2).
Conglomerate clast counts were only performed on upper Diamante Formation
strata, because they were the only facies coarse enough to analyze. Dominant lithologies
are similar to those observed in the lithic component of the sandstones with quartzites
and mafic volcanic clast making up the majority of observed clasts followed by mafic
volcanic, sedimentary, and granitic clasts (Fig. 10). Major changes in clast composition
throughout the stratigraphic section include an increase in felsic volcanic clasts,
decrease in quartzite and vein quartz clasts, and an increase in sedimentary clasts (Fig.
9). Conglomerates immediately above the andesite flows comprise up to 100 % cobbleboulder sized andesite clasts (Fig. 14C).
Interpretation: In general, sandstones from the lower Diamante Formation are
plagioclase-rich (Fig. 9). The minor lithic component (< 10 %) is almost entirely
volcanic, with a few sedimentary lithic fragments, and no metamorphic fragments.
Quartz grains in the lower and upper Diamante Formation from the Playa Ancha section
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are dominantly monocrystalline with parallel extinction indicating dominantly igneous
sources (Tortosa et al. 1991). The abundance of plagioclase in the lower Diamante
Formation samples is indicative of a mafic plutonic or volcanic source. All of the
samples from the lower Diamante Formation plot in the continental block uplift field of
Dickinson et al. (1983), whereas the upper Diamante Formation plots in the recycled
orogenic field (Fig. 9).
Cristo Redentor Formation
Description: The two samples from the Cristo Redentor Formation in the Cerro
Negro section have almost no quartz (~6% of framework grains counted), and are
instead almost entirely comprised of plagioclase and mafic volcanic fragments (Fig. 9).
Carbonate cement is common in both samples from the Cerro Negro section.
Conglomerate compositions from the Cerro Negro section are consistent with the
sandstone petrography in that they comprise 100% plagioclase-dominated volcanic
pebbles and cobbles (Figs. 13C and 14D).
Interpretation: The two samples from the Cristo Redentor Formation in the
Cerro Negro section plot in the dissected arc field and are almost entirely comprised of
plagioclase and mafic fragments. Conglomerates from the Cerro Negro section are also
distinct from those observed in the Playa Ancha section in that they comprise ~100%
mafic volcanic pebbles and cobbles, implying that if these units are in fact age
correlative, they have a distinctly different source.
Juncal Formation
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Description: The two samples from the Juncal Formation contain no quartz, and
slightly more mafic volcanic fragments than feldspar (Fig. 9). The feldspar is completely
dominated by plagioclase, with some still within coarse-grained volcanic fragments, but
dominantly monomineralic. The mafic volcanic fragments generally contain a lathwork
of plagioclase, with minor clinopyroxene and amphibole. Samples are heavily altered
with calcite cement and some plagioclase altered to calcite, however original grain
boundaries are still visible. Conglomerates observed in the Juncal Formation show
similar compositional trends with nearly 100% mafic volcanic cobbles and boulders, as
well as finer grained debris flow deposits with mafic volcanic pebbles floating in an
angular sand-granule matrix.
Interpretation: Both samples from the Juncal Formation plot in the undissected
volcanic arc field from Dickinson et al. (1983). The dominance of mafic volcanic
fragments and plagioclase implies a local volcanic source, which is also consistent with
the conglomerate facies and composition.

Detrital U-Pb geochronology and Provenance
Tordillo Formation
One sample of the Tordillo Formation from the Quebrada Blanca section was
collected and analyzed in order to compare its U-Pb detrital zircon signature to
overlying units. None of the grains analyzed from the Tordillo Formation were younger
than ~240 Ma, so there it does not appear the youngest population of grains will give a
useful maximum depositional age. Overall the age spectrum of the Tordillo Formation is
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variable, it contains only 10 grains younger than 300 Ma, with more-or-less continuous
ages from 300 Ma to 700 Ma and a majority of grains (43/99) between 900 and 1200
Ma (Fig. 12).
Mulichinco Formation
Two samples from the Mulichinco Formation were collected and analyzed, from
the Cerro Negro and Quebrada Blanca sections in the south. The depositional age of the
Mulichinco Formation, determined by averaging the youngest 5 grains from the Cerro
Negro section is 148.5 ± 2.6 (n=5 grains; Fig. 11). The Cerro Negro sample is dominated
by grains between 145 and 165 Ma and grains at 236 Ma; both the Cerro Negro and
Quebrada Blanca samples also have abundant grains between 250 and 270 Ma (Fig. 11).
The Quebrada Blanca sample also contains grains between 450 and 650 Ma as well as a
relatively substantial number of grains (n=38) between 1000 and 1300 Ma (Fig. 12).
Agrio Formation
The fine-grained nature of the Agrio Formation made it impossible to recover
zircons for detrital U-Pb analysis. However, a sill that intrudes this unit in the Quebrada
Blanca section was sampled at produced a concordant age of 39.81 ± .24 Ma (Fig. 13).
There were a few (4/50 grains dated) older zircons which are reposted in the
Supplementary Information-Table 4, and are interpreted as xenocrysts.
Huitrín Formation
The maximum depositional age of the Huitrín Formation based on the average
age of the two youngest grains in the sample from the Playa Ancha section in the
Aconcagua area is 111.2 ± 5.5 Ma (n=2; Fig. 11), there are also three grains with ages of
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129 Ma. There are a substantial number of grains in both samples between 150 and 165
Ma. Both the Aconcagua and Penitentes samples have a majority of grains with ages
between 225 and 260 Ma, with slightly off set peaks (227 Ma for Playa Ancha and 243
Ma for Quebrada Blanco; Fig. 11).
Diamante Formation
Samples from the lower Diamante Formation from both the Aconcagua and
Penitentes sections look similar with the majority of grains between 230 and 270 Ma
(Fig. 11). The maximum depositional age determined by taking the average of the
youngest 5 grains from the Playa Ancha samples is 97.1 ± 3.6 Ma. Similar to the Huitrín
Formation, both samples from the lower Diamante Formation and the samples of the
upper Diamante Formation from the Playa Ancha section have a large number of grains
between 230 Ma and 265 Ma (Fig. 11). The Upper Diamante Formation sample from the
Playa Ancha area has fewer grains less than 300 Ma (only 30/112 grains) and a relatively
large number (n=35) between 900 and 1200 Ma (Fig. 12).
Juncal Formation
The maximum depositional age of the Juncal Formation is 69.6 ± 1.0 Ma. Thirtyeight of the 95 accepted grain ages were less than 80 Ma (Fig. 11). The Juncal Formation
was the only sample that contained grains with apparent inherited cores. Those core
ages ranged from 1000-1400 Ma.
Subsidence analysis
Description: The subsidence curve shows rapid tectonic subsidence between
~160 Ma and 125 Ma (during deposition of the Tordillo Formation and Mendoza Group;
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Fig. 7). This is followed by negative subsidence from 125-100 Ma during deposition of
the Huitrín Formation. There is moderate subsidence during the deposition of the lower
Diamante Formation (98 Ma-80 Ma) which is then followed by rapid subsidence during
upper Diamante Formation and Juncal Formation deposition (Fig. 7).
Interpretation: During the initial Mesozoic depositional phase within the study
area there was little to no tectonic subsidence which is consistent with the apparent lack
of active rifting during the latest Triassic-Early Jurassic (Fig. 1; Álvarez, 1996; Alvarez
and Ramos, 1999). Relatively rapid tectonic subsidence during deposition of the Tordillo
Formation and overlying Mendoza Group may be related to extensional tectonism at
that time (Fig. 10; Giambiagi and Ramos, 2002; Charrier, 1984; Mpodozis, 1984). There
is a period of negative subsidence during the deposition of the Huitrín Formation (12898 Ma), the condensed section and minor uplift during this time is consistent with
passage of a flexural forebulge in the Aconcagua area. Tectonic subsidence increases
again during deposition of the Diamante Formation, increasing through the Diamante
Formation and through deposition of the Juncal Formation (Fig. 7). This subsidence
pattern is consistent with flexurally controlled subsidence in the foredeep depozone
(DeCelles and Giles, 1996).
Flexural Analysis
The goal of the flexural analysis was to match the amount of subsidence observed
during deposition of the Diamante Formation (1 km; Fig. 7), which was interpreted to
have been deposited in a foredeep in order to determine the distance between the front
of the topographic load (thrust front) and the location of the measured stratigraphic
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sections. The lithosphere is treated as an infinite, unbroken elastic plate with a
rectangular load (Turcotte and Schubert, 1982; Angevine et al., 1990). The dimensions
used in the flexural model calculations are a 100 km wide and 1 .5 and 2 km high tectonic
load (Fig. 8). The current average elevation in the Aconcagua area is over 3 km, but it is
unlikely that elevations were that high during initial thrusting in the Cretaceous. The
density of the load is 2800 kg/m3 ; the basin fill and mantle density are 2300 kg/m3 and
3300 kg/m3 , respectively. A variety of plate rigidities were tested ranging from 1 x 10 22
to 1 x 1024 Nm (Turcotte and Schubert, 1982).
The flexural rigidity was varied to try and match the foreland depozones recorded
and the location of the thrust front. The loads of 1.5 to 2 km and crustal rigidities of 1 x
1022 and 1 x 1023 were most consistent with the observed subsidence of 1 km during the
Diamante Formation (Figs. 7 and 8). Based on these models the stratigraphic sections
should be located between 30 and 60 km from the thrust front and the forebulge should
have been located between 90 and 180 km from the thrust front (Fig. 8).

DISCUSSION
Depositional environments, basin configuration and paleodrainage
In the Late Triassic to early Jurassic during active Neuquén rifting the Aconcagua
area was a topographic high, referred to as the Alto del Tigre High (Fig. 1; Álvarez,
1996). As a consequence, the oldest Mesozoic sedimentary unit (La Manga Formation
limestones) are preserved only on the eastern side of the study area, along the hanging
wall of the easternmost Penitentes Thrust and in depositional contact with the
underlying Choiyoi Igneous Complex in the southeast (Fig 4). This unit is overlain by
the thick evaporite deposits of the Auquilco Formation. The Auquilco Formation is a
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major detachment surface that is continuously utilized in the Aconcagua fold-and-thrust
belt (Fig.4; Cegarra and Ramos, 1996). It sits in the hanging wall of most of the major
thrust faults, which, at times, cut up section into the Tordillo Formation to the north, or
commonly ramp through the Tordillo Formation and flat in the weak shale units of the
Vaca Muerta Formation (Fig. 4). Synclines are cored by the youngest Cretaceous units in
the study area, the Diamante, Cristo Redentor, or Juncal Formations. The Diamante
Formation is finer grained to the east and coarser to the west where it interfingers with
the Juncal Formation (Figs. 4 and 7A and 7B). The proximity of the Mesozoic volcanic
arc appears to be much closer by ~60 Ma, based on interbedded volcanic flows within
the Jurassic-early Cretaceous units as well as the greater thickness of the Juncal
Formation to the west (Figs. 4 and 5; Cristallini and Ramos, 1996). Based on
sedimentology and sedimentary petrology the units mapped at Diamante Formation (by
Ramos et al., 1996) on the south side of Ruta 7 in the Cerro Negro stratigraphic section
should be mapped as the Cristo Redentor Formation (Figs. 4, 5, and 10).
There is a major contrast in facies within the Diamante and Cristo Redentor
Formations between the eastern and western sections of the study area (Fig. 5). The
upper Cretaceous sedimentary packages are at times age correlative, with the Diamante
Formation to the east, farther from the volcanic arc, and the Cristo Redentor Formation
on the western side of the basin (Fig. 5). Provenance and paleocurrent data from the
Diamante Formation suggest that there was an axial drainage, with sediment derived
from uplifted sedimentary units to the north being deposited in the eastern portion of
the basin, whereas proximal volcanic sourced alluvial fans provided sediment to the
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Cristo Redentor Formation in the west (Fig. 5). Based on the facies present in the Juncal
Formation, by ca. 70 Ma the magmatic arc had migrated to the east and the source of
detritus was directly from the volcanic arc (Fig. 16). The upper Cretaceous stratigraphy
seems to thicken and coarsen dramatically to the west, which is consistent with
paleocurrent data indicating the dominant flow direction was from the northwest
towards the southeast.
Detrital zircon analysis of the lower Diamante Formation shows U-Pb ages
similar to those observed immediately below, in the Huitrín Formation, dominated by
the Choiyoi Igneous Complex and grains apparently derived from the JurassicCretaceous Andean arc (Fig. 11). There is also a distinct population at ~320 Ma that
appears to have been derived from the Carboniferous Subduction Complex exposed in
the Cordillera Coastal to the west, or potentially uplifted rocks from the Frontal
Cordillera to the east. The upper Diamante Formation has a distinctly different U-Pb
detrital zircon signature. The majority of the dated grains (> 75%) have ages older than
300 Ma, comprising significant Famatinian, Pampian, and Grenville (900-1200 Ma)
populations (Fig. 12). This signature is very similar (82% similarity) to the Jurassic
Tordillo and Mulichinco Formations (Fig. 12). The change to more sedimentary -type
clasts within the conglomerate indicate recycling of older sedimentary units and the
dramatic coarsening upward sequence implies significant topography to the west
throughout the deposition of the Diamante and Juncal Formations (97-70 Ma). The
change in the sedimentary petrography from arc-sourced (dominated by coarse
plagioclase crystals) to more quartz-rich, recycled orogeny provenance (Figs. 9 and 11)
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also supports removal of overlying volcanic units followed by dominant sedimentary
source during deposition of the Diamante Formation. This seems to be coupled with a
migration of the volcanic east into Chilenia basement rocks, which may be the source of
the 1100-1400 Ma inherited cores within the Juncal Formation detrital zircons (Fig. 11).
It is difficult to determine what happened between the latest Cretaceous
deposition of the Juncal Formation and the Miocene deformation of the Aconcagua foldand-thrust belt and deposition of the Miocene Santa Maria Conglomerates along the
eastern boundary of the Cordillera Principal. After deposition of the earliest Cenozoic
Juncal Formation there are no preserved sedimentary or extrusive volcanic units within
the study area.
Timing of Initiation and Migration of the Foreland Basin Deposystem in the
Northern Neuquén Basin
Our study suggests that the transition from post-rift thermal subsidence to
flexurally-dominated subsidence in the Aconcagua occurred during the deposition of the
Huitrín or Diamante Formations (Fig. 7). The unconformity between the Huitrín and
Diamante Formations, or Rayoso Formation and Neuquén Group that is apparent in the
Malargüe area (35˚S; Balgord and Carrapa, 2015) and central Neuquén Basin (35˚S 40˚S; Tunik et al., 2010) respectively is not observed in the Aconcagua area. This is
likely due to the proximity of the studied sections to the volcanic arc, which was a major
source of detritus throughout the Mesozoic, and may have affected subsidence patterns.
However, even without an apparent unconformity, the subsidence analysis does show
very little subsidence during the deposition of the Huitrín Formation consistent with the
passage of the flexural forebulge ~100 Ma (Figs. 7 and 16). Provenance data combined
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with an increase is subsidence, and the coarsening upward nature of the Diamante
Formation indicates signficant deformation and topography, by ca. 97 Ma. Facies and
paleocurrent data suggest that the studied sections in the Diamante Formation were
located in the proximal foredeep, sourced from the west (Figs. 6A and 16). This timing is
consistent with the timing of foreland basin deposition observed in the central and
southern Neuquén Basin; however, the foreland basin depozones recorded in the
Cenomanian stratigraphy are variable (Fig. 16). Flexural analysis shows that a
topographic load between 1.5 and 2 km thick located 30-60 km to the west is necessary
to match the observed subsidence and basin geometry (Fig. 8). The flexural forebulge is
predicted to be located between 90 and 180 km from the frontal thrust depending on the
rigidity of the crust at this latitude. Growth structures have been documented in
Cretaceous stratigraphy immediately south of the Aconcagua area in the latest
Cretaceous stratigraphy (Orts and Ramos, 2006) and ~250 km south, west of the
Malargüe fold-and-thrust belt in Chile (Mescua et al., 2013
In order to determine where the Aconcagua and Malargüe areas were in relation
to one another during deposition, post-Cretaceous shortening is removed (Figs. 17 and
18) using shortening calculations from Giambiagi et al., 2011 (southern Precordillera)
Giambiagi et al., 2012 and Cegarra and Ramos, 1996 (Principal Cordillera and Frontal
Cordillera), and Mescua et al., 2014b (Malargüe fold-and-thrust-belt). There is a major
difference in the amount of shortening in the Aconcagua area, which has experienced a
combined ~75 km of shortening and eastward migration (Fig. 17; Cegarra and Ramos,
1996; Giambiagi et al., 2011; Giambiagi et al., 2012), as compared to only ~25 km of
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shortening in the Malargüe fold-and-thrust belt (Mescua et al., 2014b). Therefore it can
be assumed that the Aconcagua area was significantly (~60-75 km) closer to the volcanic
arc and thrust front when foreland basin strata were being deposited (Fig. 18).
The distance that the Neuquén foreland basin system has migrated was estimated
using a combination of the paleogeographic reconstruction of the pre-shortening
Neuquén Basin geometry, the location of the interpreted foreland basin depo-zones, and
the location distance between the thrust front (topographic load in Fig. 8) through time
along the margin (Fig. 18; Balgord and Carrapa, 2015; Fennell et al., 2015). During
initial deposition of the Diamante Formation at ~95 Ma a relatively straight thrust front
ran along the western margin of the studied area which allowed for the more westward
Aconcagua area to be in the proximal foredeep while the Malargüe area was located in
the distal foredeep. Growth structures documented by Orts and Ramos (2006) putting
the area just south of the Aconcagua area within the wedge-top depozone by the time the
uppermost Diamante Formation was being deposited, requiring 35-40 km of foreland
basin migration between ~95 and 70 Ma (Fig. 18). Growth structures recorded in upper
Neuquén Group (correlative with Diamante Formation strata) units near 36˚S (Fennell
et al., 2015) require between 80 and 110 km of foreland basin migration during the late
Cretaceous (Fig. 18). Paleogeographic reconstruction shown in Figure 18 show a
topographic load located ~150 km from the flexural forebulge, requiring the crustal
rigidity along this section of the Andes to be between 1 x 10 22 and 1x 1023.
Both Balgord and Carrapa, (2015) and Fennell et al., (2015) have attributed the
large amount of Cretaceous shortening in the Malargüe area to the interaction between
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various oceanic plates in the paleo-Pacific Ocean with the South American margin as
suggested by the reconstructions from Seton et al., (2012) and Maloney et al (2013).
Specifically the subduction of two consecutive oceanic ridges can explain flat slab
subduction and significant uplift and shortening at that time. The Aconcagua area does
not seem to have the same magnitude of shortening in the Late Cretaceous as what is
observed to the south (Fig. 18).
Along-strike variation in timing of foreland basin initiation
Initial uplift of the South American Cordillera ranges from Late Cretaceous to
Paleocene along the length of the Andes. This study suggests that initial shortening at
the latitude of the Aconcagua area was recorded by the decreased subsidence during
deposition of the upper Huitrín Formation which is interpreted to represent the passage
of the forebulge and the coarse clastic sedimentation within the Diamante Formation,
which is interpreted to be deposited in the foredeep, between 100 and 90 Ma. This age is
consistent with what has been recorded in the Malargüe area (35˚S-36 ˚S; Balgord and
Carrapa, 2015; Fennell et al., 2015). In the central Neuquén Basin timing of foreland
basin initiation is either interpreted to coincide with the base of the Neuquén Group
(Mosquera & Ramos, 2006, Tunik et al. 2010; DiGiulio et al., 2012) or with the
unconformity between the Rayoso Formation and the Neuquén Group (Cobbold &
Rossello, 2003), anywhere from 110 to 90 Ma. Recent studies by Echaurren et al. (2014)
and Gianni et al. (2015) between 42° and 48° S (just south of the Neuquén Basin), in the
San Bernado fold-and-thrust belt report synorogenic strata in the Cretaceous Chubut
Group, recording late Cretaceous age for shortening at those latitudes as well. This is
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consistent with the ca. 92 ± 1 Ma (Fildani et al. 2003; Romans et al., 2010) timing of
foreland basin initiation in the Patagonian Andes to the south.
North of the Aconcagua area Arriagada et al.(2006) and Mpodozis et al.(2005)
present evidence for mid to Upper Cretaceous shortening in the Cordillera de Domeyko
in the Atacama Basin; although these units lack precise age constraints, they potentially
represent the northern equivalent of the Diamante Formation, however they are thought
to be significantly younger (~80-75 Ma). Stratigraphy in the Eastern Cordillera and
Salta region (26˚S), ~100 km east of the Cordillera de Domeyko, record foreland basin
initiation and migration in the Paleocene (DeCelles et al. 2011), whereas active rifting
was occurring during the Late Cretaceous (Grier et al. 1991).
All along the central and southern Andes the majority of shortening and the
creation of high topography is thought to have occurred in the Cenozoic, whereas the
cause of and role of potential Cretaceous shortening is poorly understood. There seems
to be a stark contrast in the magnitude of shortening (Kley and Monaldi, 1996), timing,
migration (Haschke et al., 2002; 2006) between the southern and central Andes. At first
look there appears to be an important regional-scale plate boundary that is causing
differential convergence behavior and therefore upper-crustal shortening in the central
and southern Andean segments (Seton et al., 2012; Maloney et al., 2013).

CONCLUSIONS
The Aconcagua area records a change in basin conditions from back arc basin to
foreland basin between 95 and 100 Ma. This change is marked by a shift in facies from
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marginal marine to continental sedimentation, an increase in clastic input, a change in
sandstone composition, and an increase in tectonic subsidence at that time in the
northernmost Neuquén Basin. Accordingly, paleocurrent measurements indicate that
detritus fed the basin from the northwest throughout the deposition of the Diamante
Formation, and the nature of the sedimentary sequence suggest forebulge migration of
35-40 km between ~95 and 70 Ma.
The timing of initiation and migration of the foreland basin system in the
Aconcagua area (~95 Ma) is relatively consistent to the south, both in the Central
Neuquén Basin (100 ± 8 maximum depositional age; Tunik et al. 2010; DiGiulio et al.,
2012) and in the Patagonian Andes (92 ± 1 Ma maximum depositional age; Fildani et al.,
2003). North of the Neuquén Basin, in the central Andes, there is strong evidence for
Paleogene shortening (Horton & DeCelles 2001; DeCelles & Horton 2003; Carrapa et al.
2011, 2012; DeCelles et al. 2011) and less well constrained evidence for shortening in the
mid to Late Cretaceous in the Atacama basin to the west (Mpodozis et al. 2005;
Arriagada et al. 2006). The initiation of shortening in the Aconcagua area seems to
coincide with shortening to the south, in the Patagonian Andes, but seems to predate
shortening to the north. If shortening to the north does not begin until the Paleogene
the transition from extension to compression requires a regional-scale mechanism and a
sharp boundary between older (~95 Ma) ages in the south and younger (~65 Ma) ages to
the north, and that boundary would be located north of the Aconcagua area. Different
oceanic plates with variable convergence vectors (Seton et al., 2012), velocities, and ages
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could be causing variable behavior in the back-arc region of the central and southern
Andes.
The early Cenozoic history of the Aconcagua area remains poorly understood,
because there are no sedimentary units preserved from that time period in the
Cordillera Principal. There is no evidence for the well-documented early Cenozoic (ca.
65 Ma) shortening event that is preserved in the central Andes. It appears that the
Aconcagua area experienced relative quiescence during the early Cenozoic. Therefore
our data support previous works (e.g. Haschke et al, 2006) that point out a different
history of deformation in the central and southern Andes.
Table 1. Lithology codes and interpretations.
Table 2. Sedimentary petrography values.
Figure 1. Map showing the location of the study area and map in Figure 4 (black box),
current margins of the Neuquén Basin (red), the various cordilleras, as well as the main
Neuquén rifting depocenters (white). Modified from Mescua et al., 2014b.
Figure 2. Stratigraphic sections from the Aconcagua (Cristallini and Ramos, 1996) and
Malargüe (Giambiagi and Ramos 2002; Giambiagi et al., 2008). areas.
Figure 3. Map of various basement provinces of southern South America and their
expected ages (Rio de la Plata, Naipauer et al., 2010; Pampia and Cuyania, Astini et al.,
1995; Chilenia, Ramos et al., 1999; Willner et al., 2008; Paleozoic accretionary prism,
Hervé et al., 1988; Willner et al., 2005, 2008; Patagonia, Rapalini, 2005; Pankhurst et
al., 2006; Rapalini et al., 2013; Choiyoi Province, Kay et al., 1989; Rocha-Campos et al.,
2011). Basement boundary locations modified after Uriz et al., (2011).
Figure 4. Geologic map of the Aconcagua area. Location of figure shown in figure 1. The
location of the measured stratigraphic sections are shown with a thick black line (PAPlaya Ancha, CR=Cerro Rico, CN=Cerro Negro, PdI=Puente del Inca, QB= Quebrada
Blanca). Labeled lines denote the location of the cross-section shown in Figure 5.
Modified from Ramos et al., 1996.
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Figure 5. Fence diagram showing general stratigraphy and correlations between the
Cerro Negro (CN), Playa Ancha (PA), Quebrada Blanca (QB), Cerro Rico (CR), and
Puente del Inca (PdI) sections.
6A. Detailed stratigraphic section of the Huitrín Formation and lower section of the
Cristo Redentor Formation from the Cerro Negro area.
6B. Detailed stratigraphic section from the Playa Ancha area. Lithology codes and
interpretations are shown in Table I. The key for this section is shown with 6A.
Figure 7. Subsidence curve from the Aconcagua area. Input values available in table II.
Figure 8. Flexural models for the Aconcagua area created to match the observed
subsidence during the deposition of the Diamante Formation.
Figure 9. Ternary diagram plotting sedimentary petrography for the Huitrín, Diamante,
Cristo Redentor, and Juncal Formations. Provenance field are from Dickinson et al.
(1983). Gray arrows show the progressive age relationships between various groupings.
Figure 10. Pie charts showing conglomerate clast count percentages from the Diamante
Formation in the Playa Ancha section (see Figure 6A for stratigraphic location of three
sites).
Figure 11. Detrital zircon U-Pb data plotted as relative age probability curves (red thick
line) and age histograms (blue rectangles) for the Mulichinco, Huitrín, Diamante, and
Juncal Formations. Important source areas are highlighted in different colors. The
number of grains in each sample is denoted with n=x below sample name. Maximum
depositional age is denoted immediately adjacent to the youngest peak on samples with
syndepositional zircons. Solid black curves are from the Aconcagua sections, and dashed
gray lines are from the Penitentes sections.
Figure 12. Detrital zircon U-Pb data from the Tordillo, Mulichinco, and upper Diamante
Formations. Shown separately because all of these samples contain an abundance of
grains older than 500 Ma.
Figure 13. Picture of a sill cutting the Agrio Formation that was sampled for U-Pb
geochronology as well as the age obtained.
Figure 14. Field photos showing depositional relationships and major facies viewed in
the Huitrín and Cristo Redentor Formations from the Cerro Negro section. (A) Bivalve
grainstone from the Huitrín Formation, (B) v iew of the contact between the Huitrín and
Cristo Redentor Formations as well as outcropping style and facies within the Huitrín
Formation, (C) image of conglomerate from the Cristo Redentor Formation, clasts are
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outlined for emphasis, and (D) trough-cross stratified sandstone and laminate silt and
claystone from the Cristo Redentor Formation.
Figure 15. Field photos showing important facies within the Huitrín (A) and Diamante
(B and C) Formations. (A) Nodular gypsum common in the Huitrín formation in all
measured sections. (B) Cross bedded granular sandstone from the Diamante Formation.
(C) Cobble conglomerate from the uppermost Diamante Formation made up of 100%
andesite cobbles.
Figure 16. Paleogeographic reconstructions showing generalized depositional and
tectonic environments during deposition of each unit (130 Ma, Agrio Formation; 125
Ma, Huitrín Formation; 100 Ma, unconformity between the Huitrín and Diamante
Formations; 95 Ma, Diamante Formation; 65 Ma, Juncal Formation) described in this
paper.
Figure 17. Shows variable magnitudes of shortening along-strike from 33˚S to 35˚S for
the different cordilleras as well as the combined total (Precordillera, Giambiagi et al.,
2011; Cordillera Principal and Frontal Giambiagi et al., 2012; and Malargüe fold-andthrust belt, Mescua et al., 2014b). These values were used to produce the reconstruction
shown in Figure 14.
Figure 18. Reconstruction of the foreland basin system in the late Cretaceous as well as
the location of the Malargüe and Aconcagua areas in cross section view. The
reconstruction of the Neuquén pre-shortening was created using the shortening values
from Figure 13. The location of the thrust front and forebulge at various times was from
this study and Orts and Ramos (2006) for the Aconcagua area as well as Balgord and
Carrapa, (2015) and Fennell et al., (2015) for the Malargüe area. Foreland basin
deposystems figure from DeCelles and Giles (1996).
Supplemental Information
1. Tables with point counting information. 1A. Abbreviations used and equations for
recalculated values shown in Table I. 1B. Raw point count data.
2. Detrital zircon datatables.
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Table 1. Lithology codes
Facies
code

Lithofacies

Sedim entary structures

Interpretation

Lf

Limestone, fossiliferous

Lm

Limestone, micrite

Shallow marine to shelf
deposits
Lower energy shallow marine

Em

Ev aporite, massive

Generally massive, sometimes
graded >2 m fossils
Thick laminations to thin
bedding
Massiv e

En

Ev aporite, nodular

Nodular

Supratidal banded layers

El

Ev aporite, laminated

Thinly laminated to thinly
bedded

Fcl

Laminated black or brown
clay stone
Fine-grained sandstone,
siltstone, mudstone
Fine-grained sandstone,
siltstone, mudstone
Sandstone, fine-to coarsegrained
Fine-to medium-grained
sandstone

Thinly laminated to thinly
bedded
Thinly laminated to thinly
bedded
Massiv e, bioturbated, with
common carbonate nodules
Massiv e, bioturbated, with
common carbonate nodules
With small, asy mmetric, 2D and
3D current ripples

Supratidal deposition, with
alternating layers of
ev aporite beds, limestones,
algal mats
Suspension settling in lakes
or marine env ironments
Suspension settling in lakes
or marine env ironments
Palaeosols, usually calcic

Sh

Fine-to medium-grained
sandstone

Plane-parallel lamination

Sp

Medium-to v ery coarsegrained sandstone

Planar cross-stratified

St

Medium-to v ery coarsegrained sandstone

Trough cross-stratified

Gt/p

Pebble conglomerate, well
sorted,

Clast-supported, trough crossstratified,
or planar cross beds

Gm

Pebble conglomerate,
matrix supported

Fsl
Fsm
Sm
Sr

Massiv e, matrix-supported,
poorly sorted, disorganized,
unstratified

Continually recharged lagoon

Palaeosols, usually calcic
Migration of small ripples
under weak (ca. 20–40 cm
s_1 ), unidirectional flows in
shallow channels
Upper plane bed conditions
under unidirectional flows,
either strong (>100 cm s_1 )
or v ery shallow
Migration of large 2D ripples
under moderately powerful
(ca. 40–60 cm s_1 ),
unidirectional channelized
flows; migration of sandy
transv erse bars
Migration of large 3D ripples
(dunes) under moderately
powerful(40–100 cm s_1 ),
unidirectional flows in large
channels
Deposition by large gravelly
ripples under traction flows
in relativ ely deep, stable
fluv ial channels
Deposition by v iscous debris
flows
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Table 2. Point Count Totals
Sample
Huitrin
Formation
18EAB13
19EAB13
21EAB13
22EAB13
23EAB13
Average
Std

Qm

L

F

16.90
9.44
10.37
11.11
9.47
11.46
2.79

8.03
3.89
4.52
2.53
5.00
4.79
1.82

75.07
86.67
85.11
86.36
85.53
83.75
4.37

18.28 6.65
9.72 3.61
10.37 4.52
11.36 2.27
9.74 4.74
11.90 4.36
3.25 1.44

75.07
86.67
85.11
86.36
85.53
83.75
4.37

81.97
83.06
81.07
33.33
35.04
44.72
20.16
11.94
13.54
5.71
41.05
29.05

10.42
12.00
10.17
46.25
44.44
42.01
62.60
65.67
67.70
73.51
43.48
23.56

7.61
4.94
8.76
20.41
20.51
13.28
17.24
22.39
18.76
20.78
15.47
6.02

81.97
83.06
81.07
33.33
35.04
44.72
20.16
11.94
13.54
5.71
41.05
29.05

60.92
40.66
50.79
10.13

0.00
0.00
0.00
0.00

39.08
59.34
49.21
10.13

60.92
40.66
50.79
10.13

46.97
30.69
38.83
8.14

5.28
5.56
5.42
0.14

47.76
63.76
55.76
8.00

46.97
30.69
38.83
8.14

Diamante Formation
24EAB13
9.86
8.17
26EAB13 12.00 4.94
27EAB13
10.17
8.76
28EAB13 42.12 24.55
30EAB13 44.44 20.51
31EAB13 40.92 14.36
32EAB13 59.42 20.42
33EAB13
62.19 25.87
34EAB13 58.91 27.55
36EAB13
68.31 25.97
Average
40.83 18.11
Std
21.51
7.98
Juncal Formation
39EAB13
0.00 39.08
40EAB13
0.00 59.34
Average
0.00 49.21
Std
0.00 10.13
Cristo Redentor Fomation
11EAB13
5.28 47.76
9EAB13
5.56 63.76
Average
5.42 55.76
Std
0.14
8.00

Qt

L

F
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APPENDIX 3
TITLE: Triassic to Neogene Tectonic Evolution of the Andean Margin
Determined by Detrital Zircon U-Pb and Hf Analysis of Neuquén Basin
Strata, Argentina
ABSTRACT
The Andes Mountains provide an ideal natural laboratory to analyze the
relationship between the tectonic evolution of a subduction margin, basin morphology
and volcanic activity. Magmatic output rates in Cordilleran-style orogenic systems vary
through time and are characterized by high-flux magmatic events alternating with
periods of low or no activity (lulls). High-flux magmatic events are cyclic and are
controlled by the dynamics of the subducting plate as well as upper-plate shortening,
crustal thickening, and lithospheric removal. U-Pb detrital zircon analysis of retroarc
basin strata provides an archive of the variable influx of arc material through time. The
Neuquén Basin (35°S-40°S) of southern-central Argentina sits in a retroarc position and
provides a geological record of sedimentation in variable tectonic settings from the Late
Triassic to the early Cenozoic including: 1.) active extension and deposition in isolated
rift basins in the Late Triassic-Early Jurassic; 2.) post-rift back-arc basin from Late
Jurassic-Late Cretaceous; 3.) foreland basin from Late Cretaceous to Oligocene; and 4.)
variable extension and contraction along-strike from Oligocene to present. Strata
ranging in age from Middle Jurassic to Neogene were sampled and analyzed to
determine their detrital zircon U-Pb age spectra and Hf isotopic composition to
determine the relationship between magmatic output rate, tectonic regime, and crustal
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evolution. When all detrital zircon data are combined, significant pulses in magmatic
activity occur from 190-145 Ma, and at 128 Ma, 110 Ma, 69 Ma, 16 Ma, and 7 Ma. The
duration of magmatic lulls increased markedly from 10-30 million years during back-arc
deposition to ~40-50 million years during foreland basin deposition. The long duration
of magmatic lulls during foreland basin deposition could be caused by flat-slab
subduction events during the late Cretaceous and Cenozoic or by long magmatic
recharge events. Neuquén Basin stratigraphy also shows a change in lag time
(crystallization age-depositional age) of detrital zircons with dominantly short (< 100
Ma) lag times recorded in back-arc strata and long (> 100 Ma) lag times in foreland
basin strata. The uplifted fold-and-thrust belt acted as a barrier blocking detritus from
the volcanic arc from reaching the foreland basin and supplied sediment with much
older U-Pb ages to the basin strata leading to the longer lag times. Epsilon Hf values
were highly evolved when the arc initiated at 190 Ma and transitioned into intermediate
and juvenile values between ~160 and 150 Ma as the result of an influx of mantle
material likely caused by large-scale delamination in the arc. Between 150 and 100 Ma
magmatism appears to have maintained a juvenile and intermediate signal with a shift
to more evolved values associated with the magmatic pulse at ca. 70 Ma, which is
consistent with an episode of shortening, suggesting the addition of crustal material to
the arc at that time. There was a large shift towards more juvenile Hf isotopic values at
16 Ma that is consistent with renewed extension in the back-arc during the Neogene.
INTRODUCTION
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Retroarc basins in Cordilleran-style orogenic systems provide an archive of
varying tectonic regimes and accompanying arc-related processes. The Andean
magmatic arc of Chile and Argentina has been active since at least 190 million years ago
with variable volcanic output caused by changing tectonic regimes including extension
from the Late Triassic to Late Cretaceous, contraction from the Late Cretaceous to
Oligocene, and variable extension and contraction along-strike in the late Paleogene to
Neogene. The Neuquén Basin (35°S-40°S) sits in a retroarc position and provides a
stratigraphic sequence ranging in age from the Late Triassic to Neogene (Howell et al.,
2005) and thus preserves a detrital record of arc activity during variable tectonic
conditions.
The detrital zircon U-Pb signatures from strata in retroarc basins closely
resemble the age distribution produced through in situ sampling of volcanic and
plutonic units, specifically when it comes to identification of high-flux magmatic events
(Ducea et al., 2015, Patterson and Ducea, 2015). Changes in arc magmatic behavior (i.e.
high-flux events and lulls) and geochemistry have been correlated with regional
shortening, crustal thickening, flat-slab subduction, and lithospheric removal (DeCelles
et al., 2009; Ducea et al., 2015; Patterson and Ducea 2015; DeCelles et al., 2015). The Hf
isotopic composition of detrital zircons records crustal-scale processes of addition,
removal, and recycling of crust: zircons with positive εHf similar to the depleted mantle
originate from juvenile crust, whereas zircons with negative εHf crystallize from melts
derived from old recycled crust. By combining detrital zircon Hf and U-Pb analyses we
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can assess timing and periodicity of high-flux events as well as their relationship to the
input of juvenile material throughout the arc’s history.
Studies of arc behavior and chemistry from the central Andes (21°S-26°S;
Haschke et al., 2002; 2006 and references therein) show an eastward migration of the
volcanic arc from 200 Ma to present. Periods of regional shortening and crustal
thickening in northern Argentina and southern Bolivia correlate with high-flux events
and periods of lithospheric removal (DeCelles et al., 2009, 2015). According to these
models the underthrusting of continental lower crust and mantle lithosphere under the
arc produces periodic high-flux magmatism characterized by more evolved isotopic
compositions because of melting of crustal material (Ducea, 2001; Haschke et al.,
2002). Compared to the central Andes, the southern Andes are narrower,
topographically lower, and have thinner crust. Insofar as orogenic growth is driven by
the process of continental underthrusting, which in turn controls high flux events in the
magmatic arc, the prediction would be that longer arc cycles and less evolved isotopic
signatures should characterize the southern Andes.
In order to assess arc behavior through time and its relations with orogenic scale
processes, we sampled and analyzed Middle Jurassic to Neogene strata from the
Neuquén Basin to determine detrital zircon U-Pb age spectra and Hf isotopic
compositions. The goals of this study are to:
1.

Identify the geochronologic and geochemical markers associated with the

transition from extension to contraction in a Cordilleran-style volcanic arc by
comparing and analyzing the back-arc and foreland basin detrital record.
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2.

Evaluate the detrital record of magmatism along strike by comparing the

Neuquén Andes (35°S-40°S) with the central Andes (21°S-26°S)
3.

Test current models of Cordillera-type orogenic systems in the region by

investigating differences in arc tempo.
GEOLOGIC SETTING AND STRATIGRAPHY
The Neuquén Basin is located in a retroarc position and is characterized by a
variable tectonic history including: 1) extension during the Late Triassic–Middle
Jurassic as manifested by isolated rift basins; 2) a Middle Jurassic–Late Cretaceous
marine post-rift basin; 3) a Late Cretaceous (95 Ma) to Oligocene retroarc foreland
basin (Vergani et al., 1995; Howell et al., 2005; Balgord and Carrapa, 2015); and 4)
variable extension and contraction along the length of the Neuquén Basin with
extension dominant from 28-11 Ma, shortening from 11-6 Ma, and finally extension
again from 6 Ma to present (Ramos and Kay, 2006 and references therein). This study
focuses on sedimentary units from the Neuquén Basin ranging from Middle Jurassic to
Neogene (Figure 2) in order to assess arc behavior using the detrital record, with an
emphasis on the geochemical and geochronological signature of the transition from
extension to contraction during the Late Cretaceous.
Crustal Assembly and Geochemistry
The Chilenia, Cuyania, Pampia and Patagonia Terranes compose the basement of
the Neuquén Basin, and were accreted onto the Rio de la Plata Craton on the
southwestern margin of Gondwana (Figure 1; Ramos, 2010). Here I provide a brief
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description of the ages of various basement blocks, the timing of their accretion to
Gondwana, and the geochemical history and timing of major crust-forming events.
The Rio de la Plata Craton comprises igneous and metamorphic rocks with zircon
U-Pb ages between 2200 and 2000 Ma (Rapela et al. 2007). The Pampia Terrane
contains ca. 1100-1200 Ma basement (Rapela et al. 2007), and collided with the Rio de
la Plata Craton during latest Proterozoic-early Cambrian time (Pampean Orogeny,
Ramos, 1988; Rapela et al. 1998; Ramos, 2010). The Famatinian magmatic arc
developed along the western margin of the Pampia Terrane during Cambrian to
Ordovician time (Pankhurst et al. 1998; Vujovich et al. 2004; Sato et al. 2003). The
Cambro-Ordovician Famatinian orogeny culminated with the collision and accretion of
the Cuyania Terrane (composed of 1360-1400 Ma and 1070-1200 Ma basement;
Naipauer et al. 2010) onto the Pampia Terrane (Thomas & Astini, 1996; 2003; Ramos,
2004). During the Silurian and Devonian a foreland basin formed on top of the Cuyania
and Pampia Terranes (Caminos, 1979; Astini et al. 1995), and was then metamorphosed
and deformed during Late Devonian accretion of the Chilenia Terrane (Ramos 1999;
Willner et al. 2008). Following this collision, a magmatic arc and accretionary prism
developed along the western and southern margin of Gondwana between 320 and 250
Ma (Hervé et al. 1988; Willner et al. 2005; 2008).
Willner et al. (2008) and Lacussen et al. (2004) identified three episodes of
juvenile crustal development in southern Gondwana during the Precambiran: 2.7-3.4
Ga; 1.9-2.4 Ga; and 0.8-1.5 Ga, based on the geochemistry of detrital zircons from the
Carboniferous accretionary prism and batholiths in the Mesozoic volcanic arc. During
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the Paleozoic, zircons from arc-related calc-alkaline magmas were derived from a
recycled crustal reservoir of Mesoproterozoic age, probably represented by the Chilenia
Terrane (Willner et al., 2008).
The origin of the Patagonia Terrane and timing of its collision with southern
Gondwana remain controversial, but there is a general consensus about its paraautochthonous character and either its final amalgamation (Ramos, 1984, 2008;
Rapalini, 2005; Pankhurst et al. 2006; Rapalini et al. 2013) or intense intraplate
deformation (Gregori et al. 2008; 2013) during the early Permian. Widespread
magmatism associated with the collision of Patagonia and subsequent orogenic collapse
led to the formation of abundant Late Permian to Early Triassic rhyolites and granites
known as the Choiyoi Igneous Complex (Kay et al. 1989; Rocha-Campos et al. 2011).
The Choiyoi Igneous Complex comprises lower and upper sequences with corresponding
ages of ca. 280 Ma and ca. 265 Ma-250 Ma, respectively (Fig. 1; Kleiman and Japas
2009). Geochemical and structural analyses of units from the lower Choiyoi Igneous
Complex indicate arc-related volcanism caused by NNE-ward oblique convergence.
Conversely, in the upper Choiyoi Igneous Complex, volcanism was extension-related
(Kleiman and Japas 2009). In some areas the youngest phase of Choiyoi igneous activity
was followed by rift-related volcanism related to the opening of the Neuquén Basin (ca.
230 Ma; Howell et al., 2005).
The oldest Mesozoic magmatic rocks in the Coastal Cordillera are small-volume
Late Triassic granitic batholiths (Hervé et al., 1988), and they mark the re-initiation of
subduction along the western margin of South America. Jurassic to recent arc-related
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volcanic and intrusive rocks are abundant along the Chile-Argentina border (Fig. 1;
Lopez-Escobar, 1984; Hickey et al., 1984; Hildreth and Moorbath, 1988; Rapela and
Kay, 1988).
Stratigraphy
The Middle Jurassic to Lower Cretaceous sedimentary units analyzed in this
study include the Middle Jurassic Los Molles and Las Lajas Formations, the Upper
Jurassic Lotena and Tordillo Formations, the Upper Jurassic to Lower Cretaceous Vaca
Muerta Formation, and the Lower Cretaceous Agrio, Huitrín, and Rayoso Formations
(Figure 2). These units are dominantly marine with marginal marine, fluvial, and
lacustrine deposits within the Rayoso and Huitrín Formations (Figure 2; Howell et al.,
2005). Conversely, the Upper Cretaceous Neuquén Group in the central Neuquén Basin,
and correlative (Balgord and Carrapa, 2015) Diamante Formation in the northern
Neuquén Basin, are dominantly fluvial and lacustrine in nature with minor marine
deposits in the Upper Cretaceous-Paleocene Malargüe Group (Barrio, 1990a and
1990b). The upper Malargüe Group comprises fluvial synorogenic deposits (Figure 2;
Barrio, 1990a and 1990b; Balgord and Carrapa, 2015). The Tristeza Formation is
composed of coarse sandstones and conglomerates derived from the uplifted Mesozoic
units to the west that were deposited during active shortening in the Late Miocene
(Sagripanti et al., 2011). The Arroyo Palao Formation is age-equivalent, or slightly
younger than the Tristeza Formation but sits 100 km south and west, within an active
zone of Neogene extension and volcanism (Rovere et al., 2004).
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The transition from extension to compression and therefore back-arc basin to
foreland basin sedimentation was between 100 and 95 Ma along the length of the
Neuquén Basin (Vergani et al., 1995; Howell et al., 2005; Tunik et al., 2010; DiGuilio et
al., 2011; Balgord and Carrapa, 2015). The Neogene tectonic history of the Neuquén
Basin is complicated by variable extension and contraction along strike as well as
proposed flat-slab subduction north of 38˚S between 20 and 5 Ma (Kay et al., 2006).
The Cortaderas Lineament (Figure 1) marks the southern boundary of the Neogene flat slab segment.
METHODS
This study presents 419 new U-Pb ages and 192 Hf analyses from detrital zircons
in the Neuquén Basin. Samples were taken from a stratigraphic range covering ~160
million years from Middle Jurassic to Miocene (Figure 2). These new data are combined
with published U-Pb detrital zircon data from Balgord and Carrapa (2015), Tunik et al.
(2010), DiGuilio et al. (2012), and Naipauer et al., (2015), and Pepper (2015) to create
the combined probability density curves and cumulative proportion lag time plots (after
Cawood et al., 2013; Figures 3, 4 and 5) to obtain a larger sample set.
U-Pb Analytical Methods
U-Pb geochronologic analysis of detrital zircons was conducted by laser ablation
multicollector inductively coupled plasma mass spectrometry (LA-MC-ICPMS) at the
Arizona LaserChron Center (www.laserchron.org) using analytical methods described by
Gehrels et al. (2006, 2008) and Gehrels and Pecha (2014). The analyses involve ablation
of zircon with a Photon Machines Analyte G2 excimer laser using a spot diameter of 30
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microns. Cathodoluminescence (CL) or backscatter electrons (BSE) images, acquired
with a Gatan Chroma CL2 system (www.geosemarizona.org), were used to ensure that
analyses were conducted on homogeneous portions of zircon grains.
U-Pb analytical data are reported in Supplemental Information 1 Tables 1-6.
These tables present the isotopic ratios, concentrations, calculated ages, and
uncertainties for each analysis. For each analysis, the errors in determining
and

2 06Pb/204Pb result

2 06 Pb/238U

in a measurement error of ~1-2% (at 2-sigma level) in the

2 06 Pb/238U age. The errors in

measurement of 2 06 Pb/207 Pb and 2 06Pb/204Pb also result in

~1-2% (at 2-sigma level) uncertainty in age for grains that are >1.0 Ga, but are
substantially larger for younger grains because of the low intensity of the 2 07 Pb signal.
For most analyses, the cross-over in precision of

2 06Pb/238 U and 2 06Pb/207 Pb ages occurs

at ~1.0 Ga. Reported for each analysis is the “Best Age,” which is based on

2 06Pb*/238U

for <900 Ma grains and 2 06 Pb*/207 Pb* for >900 Ma grains.
The tables do not include analyses that are highly (>20%) discordant or highly
(>10%) reverse discordant, and analyses with >10% uncertainty. These filters are not
applied to grains with <600 Ma 2 06 Pb*/207 Pb* ages and <100 Ma 2 06 Pb*/238U ages.
Probability density plots were created using the diagrams and routines in Isoplot
(Ludwig, 2008). Composite age probability plots are made from an in-house Excel
program (see Analysis Tools at www.laserchron.org for link) that normalizes each curve
according to the number of constituent analyses, such that each curve contains the same
area, and then stacks the probability curves (Figures 3 and 4). Maximum depositional
ages were calculated by taking the youngest age components, generally three or more
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grains, that overlap in age within error and calculating a mean and standard deviation
taking into account the original uncertainty in the grain age based on recommendations
from Dickinson & Gehrels (2009) (reported in Figures 2 and 4). For lag time plots, the
youngest grain (if it was equal to or younger than previously determined depositional
ages) was used for maximum depositional age, instead of the average of the youngest
population, to avoid negative lag times (Cawood, et al., 2013).
Hf Analytical Methods
Hf isotopic analyses were also conducted by LA-MC-ICPMS at the Arizona
LaserChron Center connected to a Photon Machines Analyte G2 excimer laser, using
methods described by Cecil et al. (2011) and Gehrels and Pecha (2014). Laser ablation
analyses were conducted with a laser beam diameter of 40 microns, with ablation pits
located either on top of the U-Pb analysis pits to ensure that at least initial Hf isotopic
data were obtained from the same domain as the U-Pb data. Each acquisition consisted
of one 40-second integration on backgrounds (on peaks with no laser firing) followed by
60 one-second integrations with the laser firing. Each standard is analyzed once for
every ~20 unknowns.
Isotope fractionation is accounted for using the method of Woodhead et al.
(2004): βHf is determined from the measured 179Hf/177Hf; βYb is determined from the
measured 173Yb/171Yb (except for very low Yb signals); βLu is assumed to be the same
as βYb; and an exponential formula is used for fractionation correction. Yb and Lu
interferences are corrected by measurement of 176Yb/171Yb and 176Lu/175Lu,
respectively, based on methodology from Woodhead et al. (2004). The isotope ratios
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and uncertainties reported are based on all measurements, with only a 2-sigma filter to
remove outliers. Critical isotope ratios used in data reduction are: 1 7 9Hf/ 177 Hf = 0.73250
(Patchett and Tatsumoto, 1980); 1 7 3Yb/171Yb = 1.132338 (Vervoort et al., 2004);
1 7 6Yb/171Yb = 0.901691

(Vervoort et al., 2004; Amelin and Davis, 2005); 1 7 6Lu/175Lu =

0.02653 (Patchett, 1983); and the decay constant of

1 7 6Lu = 1.867e-11 (Scherer

et al.,

2001; Söderlund et al., 2004). Amelin and Davis, 2005); 176Lu/175Lu = 0.02653
(Patchett, 1983). All corrections are done line-by-line. For very low Yb signals, βHf is
used for fractionation of Yb isotopes. The corrected 176Hf/177Hf values are filtered for
outliers (2-sigma filter), and the average and standard error are calculated from the
resulting ~58 integrations. There is no capability to use only a portion of the acquired
data. Data is available in Supplemental Information 2.
Hf data was also analyzed separately to determine if various populations within
an age range were statistically similar or different from those present in another age
range. Samples were plotted using the density plotter software
(www.ucl.ac.uk/~ucfbpve/densityplotter) discussed in Vermeesch (2012). Kernal
density estimatimation plots were created for each age population in order to determine
the distribution of Hf isotopic values. Mixture models were run on automatic mode to
select the optimal number of age components (Galbraith, 2005). Plots show peak
locations and proportions and can be found in Supplemental Information 3.
RESULTS
U-Pb Probability Density Plots
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The dominant pre-arc (> 190 Ma) detrital zircon U-Pb populations in the backarc stratigraphy have age peaks between 250 and 260 Ma and 220 Ma with smaller
populations at 313 Ma and 283 Ma (Figure 3). The 230 Ma pulse is strongest in the two
oldest samples (Las Lajas and Lotena Formations; Figure 4), and almost undetectable in
the Upper Jurassic to Lower Cretaceous strata (Tordillo and Vaca Muerta Formations;
Figure 4). The pre-arc populations in the foreland basin stratigraphy are similar with
notably larger 290 Ma and 310 Ma populations and very few grains at ca. 230 Ma
(Figure 3).
The combined probability density plots show more-or-less continuous volcanism
from 190 Ma to 140 Ma, followed by major age populations at 128 Ma, 108 Ma, and 69
Ma and two closely-spaced populations with age-distribution peaks at 16 and 7 Ma
(Figures 3 and 6). During the lifetime of the volcanic arc the six main populations
exhibit corresponding relative lulls in volcanic activity ranging in duration from 20 to 40
million years (Figure 6). Volcanic hiatuses during back-arc deposition range between 10
and 20 million years whereas lulls are much longer during the retroarc foreland basin
deposition, with a 40 million year hiatus between 110 Ma and the first high-flux event
after initial shortening at 70 Ma and another 40 million year lull between 60 Ma and 20
Ma (Figure 6). Overall, fewer than 15% of the grains reviewed in this study are older
than 500 Ma.
U-Pb Cumulative Density Plots
The lag time plots (Figure 5) show some overlap between the cumulative
proportion curves for the back-arc and foreland basin strata with younger ages and
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shorter lag times (closer to depositional age) in back-arc basin samples and older ages
and longer lag times in foreland basin samples. In general, back-arc basin strata have
detrital zircon distributions with a greater number of grains closer to depositional age,
with four out of six samples containing more than 30% grains with lag times of <100
million years. Samples from the foreland basin stratigraphy exhibit the opposite
behavior with all samples exhibiting lag times of >100 Ma for 70-80 % of the grains. The
Arroyo Palao Formation sample, although plotted with the foreland basin strata (based
on its age), is actually from an intermontane basin within the modern volcanic arc and is
dominated by grains within 100 Ma of the depositional age, in contrast to the ageequivalent Tristeza Formation (Figure 5).
Hf Analysis
Overall the Hf data are relatively evolved with most (50%, n=96 grains) grains
displaying epsilon Hf values more than 10 units lower than depleted mantle
(designation of juvenile, intermediate, and evolved following Bahlburg et al., 2011).
There are very few (10%, n=19 grains) juvenile grains, within five epsilon units of the
depleted mantle, and a moderate number (40%, n=77 grains) with intermediate values
(Figure 6).
Grains that crystallized in association with the upper Choiyoi Igneous Complex
(250-240 Ma) and Neuquén rifting (~239-190 Ma, n=56) have Hf values that are
dominantly evolved with no juvenile grains, eight grains with intermediate values, and
47 with evolved values. Grains derived from early arc magmatism (~190-165 Ma) were
evolved (εHf <+5) until ~160 Ma when an abrupt shift of -10 epsilon units towards more
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juvenile values occurred. Between 100 and 68 Ma there was a general transition towards
more evolved Hf values with samples falling between 1.5 and 8 (31 of 33 grains). The
youngest grains analyzed are much more juvenile with most grains (95 %, n=40/42)
displaying intermediate and juvenile values.
SUMMARY AND DISCUSSION
Magmatic Evolution
The new dataset presented exhibits three important pulses of magmatic activity
preceding the Jurassic to modern Andean magmatic arc (Figure 3): 1.) Carboniferous
grains related to the pre-Andean subduction margin; 2.) grains from the Choiyoi
Igneous Complex, 285 Ma and 265-250 Ma, and 3.) a 230 and 220 Ma volcanic and
plutonic signal associated with rifting of the Neuquén Basin. Zircons derived from the
upper Choiyoi Igneous Complex and Neuquén rift-related zircons have relatively
evolved signatures consistent with reworking of older crust at that time (Figure 6).
However, epsilon Hf values increase between 250 and 230 Ma, consistent with addition
of juvenile material from continental rifting during initial Neuquén Basin extension.
Between the end of Neuquén rifting and the initiation of the Jurassic to modern Andean
volcanic arc (~190 Ma) the Hf signature became 5-10 epsilon units more evolved,
suggesting progressive melting and reworking of older crust during early subduction.
Epsilon Hf values increased by 15-20 epsilon units between 160 and 150 Ma. This shift
towards more juvenile values followed coincided with a high-flux event at 165 Ma
(Figure 6). The high magmatic output and large influence of juvenile material coincide
with extensional tectonism in the volcanic arc (Ramos, 2009), which may have also been
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influenced by a reduction in convergence velocity (Maloney et al., 2013). Overall,
between 250 Ma and present there are three times when Hf values move towards more
juvenile compositions, and all three are associated with extension and there are two
episodes when values become more evolved which are both associated with compression
(Figure 6).
Geochemical Fingerprint of the Transition from Back-arc to Retroarc
Foreland Basin Setting
The increasing number of grains with short lag times (Figure 5) in the back-arc
setting with respect to the retroarc foreland basin setting is consistent with predictions
made by Cawood et al. (2013). The shorter lag times in the back-arc strata are indicative
of a direct connection between the arc and retroarc basin throughout the Jurassic-early
Cretaceous and more-or-less continuous volcanism. During active shortening in the Late
Cretaceous and early Cenozoic the fold-and-thrust belt may have acted as a topographic
barrier keeping volcanic detritus out of the basin strata. The Miocene Arroyo Palao
Formation is entirely composed of grains within 100 million years of depositional age.
This is consistent with active extension and volcanism within the Andean back-arc
throughout the late Oligocene and into the Miocene. Although the late Miocene was
characterized by active shortening, south of the Cortaderas Lineament shortening
caused the inversion of Upper Oligocene-Lower Miocene extensional basins and an
eastward shift in the location of the volcanic arc (Ramos and Kay, 2006). The
abundance of young detritus in the Arroyo Palao Formation contrasts with the complete
absence of grains younger than ca. 80 Ma in the Miocene Tristeza Formation
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highlighting the control of the Cortaderas Lineament on drainage patterns within the
Neuquén Basin (Figures 1 and 4).
There was also a change in the length of hiatuses from 10-20 million years during
back-arc deposition to 40 or more million years during retroarc foreland basin
deposition (Figure 6). The initial hiatus between 90 and 70 Ma correlates with proposed
ridge subduction (Maloney et al., 2013), which may have led to flat-slab subduction and
therefore explains a lack of magmatism. The second and more pronounced hiatus
between 60 and 20 Ma does not seem to correlate with the timing of a proposed flat -slab
event, which is thought to have occurred at ~ 20 Ma based on volcanism 500 km
inboard from the subduction zone during the Miocene (Kay et al., 2006).
Assessing Arc Cyclicity: Comparison between the Central and Southern
Andean Arc
The volcanic arc in the central Andes (21–26° S) underwent four eastward shifts
between 200 Ma to the present (Haschke et al., 2002; Figure 6). Each step was
characterized by a repeating sequence of magmatism for 30–40 million years with
increasing crust-like (evolved) isotopic values, followed by magmatic quiescence for 5–
12 million years (Figure 6; Haschke et al., 2002). Episodes of magmatic quiescence are
interpreted to reflect episodes of flat-slab subduction (Haschke et al., 2006) or
magmatic recharge events (DeCelles et al., 2015).
By comparison, the arc at the latitudes of the Neuquén Basin was stationary
throughout time. There were only two main phases of shortening in the Late Cretaceous
and in the Miocene (Yrigoyen, 1993; Manceda and Figueroa, 1995; Ramos, 1998;
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Silvestro et al., 2005; Zamora Valcarce et al., 2006; Giambiagi et al., 2005, 2008),
which directly correlate with the two main magmatic pulses (~70 Ma and 16 Ma; Figure
6) during retroarc foreland basin deposition. Zircons between 70 and 60 Ma record
more evolved isotopic values, whereas the younger (20-7 Ma) magmatism preserved a
significantly more juvenile isotopic signature (Figure 6). The latter shift towards more
juvenile compositions was caused by variable extension from Oligocene to Pliocene,
which was broken by only a short phase of compression from 11 -6 Ma. It is difficult to
assess magmatic activity at these latitudes during initial shortening (95 Ma) because of
the lack of volcanism at that time (Figures 3 and 5).
The volcanic arc along the western margin of the Neuquén Basin has been
relatively stationary through time and the fold and thrust belt exhibits significantly less
shortening and has much lower topography than what is observed in the central Andes
(Kley and Monaldi, 1998). The paucity of shortening, which corresponds with less
underthrusted crustal material interacting with the volcanic arc, may be what is
dampening cyclic arc behavior.
CONCLUSIONS
The detrital record from retroarc basins provides an accessible and effective
means to compare arc behaviors in variable tectonic settings. In the Neuquén Basin
distinct changes in arc activity related to the initiation of shortening at ca. 95 Ma
include:
1.) a change from ~10-20 million years to 40 or more million year periodicity in
high-flux magmatic events following initial shortening (Figures 3 and 6),
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2.) significantly longer U-Pb zircon age lag times (> 100 Myr) preserved in
retroarc foreland basin strata (Figure 5),
3.) a continuous trend towards more evolved crustal values in the early Cenozoic
consistent with an eastward shift in magmatism and active shortening during that
time and;
4.) three shifts towards more juvenile isotopic values that are all related to
extension (Figure 6).

FIGURES
Figures 1: Simplified map showing Neuquén Basin (gray) and sampling sites. The
location of Carboniferous accretionary complex, lower Choiyoi Igneous Complex (~280
Ma), and Upper Choiyoi Igneous Complex (~265 Ma), and Mesozoic arc-related plutons,
and major basement boundaries are also shown (Kleiman and Japas, 2009; Tunik et al.,
2010).
2. Stratigraphic sections from the Malargüe area and the Central Neuquén Basin with
sampled strata marked with maximum depositional ages determined from this paper
and Balgord and Carrapa, (2015).
Figures 3: Combined probability density functions for all samples (top) retroarc
foreland (middle) and back-arc (bottom) basin samples. Samples are only shown from
500 Ma to present since there are a lack of older grains in all samples (731/818 in backarc and 1606/1804 in foreland < 500 Ma).
Figure 4. Normalized probability density plots and maximum depositional ages for all
formations discussed. Samples are broken up into backarc, foreland and mixed stages
based on tectonic setting of the Neuquén Basin at various times.
Figure 5. Depositional lag time plots constructed using the method of Cawood et al.
(2012); samples are shown in various colors and “envelopes” including all samples
shown in gray in order to compare the distributions between foreland and back-arc
samples. The two gray envelopes show the range of backarc (upper plot) and foreland
(lower plot) values for comparison with individual curves. The Arroyo Palao sandstone
is plotted with the foreland strata based on its age, but it sits in an intermontane
position, within the Neogene volcanic arc.
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Figure 6: Combined Hf values and U-Pb probability density function for all samples
combined from 250 Ma to present. Reference lines on the Hf plot are as follows:
depleted mantle (DM), calculated using 176Hf/177Hf0 = 0.283225 and 176Lu/177Hf0 =
0.038512 (Vervoort and Blichert-Toft, 1999); CHUR—chondritic uniform reservoir,
calculated using 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier et al.,
2008); gray dashed lines separate fields designated as juvenile (0–5 epsilon units below
DM), intermediate (5–12 epsilon units below DM), and evolved (>12 epsilon units below
DM) following Bahlburg et al. (2011). Labeled arrow show interpreted crustal evolution
trajectories assuming present-day 176Lu/177Hf = 0.0093 (Vervoort and Patchett, 1996;
Vervoort et al., 1999; Bahlburg et al., 2011). Hf isotopic vales are compared to
1 43Nd/144Nd isotopic vales reported by Haschke et al. (2002; 2006) for the Central
Andes.

SUPPLEMENTAL INFORMATION:
1.

Detrital zircon U-Pb data tables for all new samples analyzed in this study.

2.

Hf data table.

3.

Statistical analysis of Hf data

REFERENCES:
Astini, R.A., Benedetto, J.L., Vaccari, N.E. (1995) The Early Paleozoic evolution of the
Argentine Precordillera as a Laurentian rifted, drifted and collided terrane: a
geodynamic model. Geological Society of America, Bulletin, 107, 235-273.
Bahlburg, H., Vervoort, J.D., DuFrane, S.A., Carlotto, V., Reimann, C., and Cardenas, J.,
2011, The U–Pb and Hf isotope evidence of detrital zircons of the Ordovician
Ollantaytambo Formation, southern Peru, and the Ordovician provenance and
paleogeography of southern Peru and northern Bolivia: Journal of South
AmericanEarth Sciences, v. 32, p. 196–209, doi: 10.1016 /j.jsames .2011 .07.002.
Balgord, E. A., & Carrapa, B. (2015) Basin evolution of Upper-Cretaceous-Lower
Cenozoic strata in the Malargüe fold-and-thrust belt: northern Neuquén Basin,
Argentina. Basin Research,
Barrio, C. A. (1990a), Late Cretaceous-Early Tertiary sedimentation in a semi-arid foreland
basin: Neuquén Bain, western Argentina. Sedimentary Geology, 66, 255-275.
Barrio, C.A. (1990b) Paleogeographic control of the Upper Cretaceous tidal deposits, Neuquén
Basin, Argentina. Journal of South American Earth Sciences, 3, 31–49.
Bouvier, A., Vervoort, J.D., and Patchett, J.D., 2008, The Lu-Hf and Sm-Nd isotopic
composition of CHUR: Constraints from unequilibrated chondrites and
implications for the bulk composition of terrestrial planets: Earth and Planetary
Science Letters, v. 273, p. 48–57, doi: 10.1016 /j.epsl .2008 .06.010.
166

Caminos, R., 1979. Cordillera frontal. 2 Simposio de Geología Regional Argentina, 1,
397-454.
Carrapa, B., & DeCelles, P. G. (2015). this volume, Regional exhumation and kinematic
history of the central Andes in response to cyclical orogenic
processes. Geodynamics of a Cordilleran Orogenic System: The Central Andes
of Argentina and Northern Chile: Geological Society of America Memoir, 212.
Cawood, P. A., Hawkesworth, C. J., & Dhuime, B. (2013) Detrital zircon record and
tectonic setting. Geology, 40 (10), 875-878.
Chernicoff, C. J., Zappettini, E. O., Santos, J. O. S., & McNaughton, N. J., 2013,
Combined U-Pb SHRIMP and Hf isotope study of the Late Paleozoic Yaminue
Complex, Rio Negro Province, Argentina: Implication for the origin and evolution
of the Patagonia composite terrane: Geochience Frontiers, 4, p. 37-56
DeCelles, P. G., Ducea, M. N., Kapp, P., & Zandt, G. (2009). Cyclicity in Cordilleran
orogenic systems. Nature Geoscience, 2(4), 251-257.
DeCelles, P. G., Ducea, M. N., Carrapa, B., & Kapp, P. A. (Eds.). (2015). Geodynamics of
a Cordilleran Orogenic System: The Central Andes of Argentina and Northern
Chile (Vol. 212). Geological Society of America.
DiGiulio, A., Ronchi, A., Sanfilippo, A., Tiepolo, M., Pimentel, M. & Ramos, V.A. (2012)
Detrital zircon provenance from the Neuquén Basin (south-central Andes):
cretaceous geodynamic evolution and sedimentary response in a retroarcforeland basin. Geology, 40(6), 559–562.
Ducea, M. (2001). The California arc: Thick granitic batholiths, eclogitic residues,
lithospheric-scale thrusting, and magmatic flare-ups. GSA today,11(11), 4-10.
Ducea, M. N., Paterson, S. R., & DeCelles, P. G. (2015) High-volume magmatic events in
subduction systems. Elements, 11 (2), 99-104
Franz, G., Lucassen, F., Kramer, W., Trumbull, R., Romer, R., Wilke, H., Viramonte,
J.G., Becchio, R., and Siebel, W., 2006, Crustal evolution at the Central Andean
continental margin: a geochemical record of crustal growth, recycling and
destruction, in Oncken, O., Chong, G., Franz, G., Giese, P., Götze, H.J., Ramos,
V.A., Strecker, M.R., Wigger, P., eds., The Andes - Active Subduction Orogeny,
(Frontiers in Earth Sciences): Springer, p. 45–64.
Gehrels, G.E., Valencia, V. & Pullen, A. (2006) Detrital zircon geochronology by LaserAblation Multicollector ICPMS at the Arizona LaserChron Center. In:
Geochronology: Emerging Opportunities, Paleontology Society Short Course (Ed.
By Loszewski T. & Huff W.) Paleontol. Soc. Pap., 11, 10.
Gehrels, G.E., Valencia, V. & Ruiz, J. (2008) Enhanced precision, accuracy, efficiency,
and spatial resolution of U-Pb ages by laser ablation-multicollector-inductively
coupled plasmamass spectrometry. Geochem. Geophys. Geosyst., 9, Q03017.
Gehrels, G. & Pecha, M. (2014) Detrital zircon U-Pb geochronology and Hf isotope
geochemistry of Paleozoic and Triassic passive margin strata of western North
America. Geosphere, 10 (1), 49-65.
Giambiagi, L. B., Bechis, F., García, V., & Clark, A. (2005). Temporal and spatial
relationship between thick-and thin-skinned deformation in the thrust front of

167

the Malargüe fold and thrust belt, Southern Central Andes. In 6 International
Symposium on Andean Geodynamics.
Giambiagi, L., Bechis, F., García, V., & Clark, A. H. (2008) Temporal and spatial
relationships of thick-and thin-skinned deformation: A case study from the
Malargüe fold-and-thrust belt, southern Central Andes. Tectonophysics, 459, 1,
123-139.
Gregori, D.A., Kostadinoff, J., Strazzere, L. & Raniolo, A. (2008) Tectonic significance
and consequences of the Gondwanide orogeny in northern Patagonia, Argentina.
Gondwana Research, 14, 429-450.
Gregori, D. A., Kostadinoff, J., Alvarez, G., Raniolo, A., Strazzere, L., Martínez, J. C. &
Barros, M. (2013) Preandean geological configuration of the eastern North
Patagonian Massif, Argentina. Geoscience Frontiers, 4, 6, 693-708.
Haschke, M., Siebel, W., Günther, A., & Scheuber, E. (2002). Repeated crustal
thickening and recycling during the Andean orogeny in north Chile (21 –26 S).
Journal of Geophysical Research: Solid Earth (1978–2012), 107(B1), ECV-6.
Haschke, M., Günther, A., Melnick, D., Echtler, H., Reutter, K. J., Scheuber, E., &
Oncken, O. (2006). Central and southern Andean tectonic evolution inferred
from arc magmatism. In The Andes (pp. 337-353). Springer Berlin Heidelberg.
Hervé, F., Munizaga, F., Parada, M.A., Brook, M., Pankhurst, R.J., Snelling, N.J. &
Drake, R., (1988) Granitoids of the coast range of central Chile: geochronology
and geologic setting. Journal of South America Earth Sciences, 1, 185-194.
Hickey, R. L., Gerlach, D. C., & Frey, F. A. (1984). Geochemical variations in volcanic
rocks from central-south Chile (33–42° S). In Andean Magmatism (pp. 72-95).
Birkhäuser Boston.
Hildreth, W., & Moorbath, S. (1988). Crustal contributions to arc magmatism in the
Andes of central Chile. Contributions to mineralogy and petrology, 98(4), 455489.
Howell, J.A., Schwarz, E., Spalletti, L.A. & Veiga, G. D. (2005) The Neuquén Basin: an
overview: In: The Neuquén Basin, Argentina: A case study in sequence
stratigraphy and Basin dynamics (Eds. G. d. Veiga, L.A. Spalletti, J.A. Howell,
and E. Schwarz), Geological Society of London Special Publications, 252, 1–14.
Kay, S.M., Ramos, V.A., Mpodozis, C. & Sruoga, P. (1989) Late Paleozoic to Jurassic
silicic magmatism at the Gondwanaland margin: analogy to the Middle
Proterozoic in North America? Geology, 17, 324–328.
Kay, S.M., Burns, W.M., Copeland, P., and Mancilla, O., 2006, Upper Cretaceous to
Holocene magmatism and evidence for transient Miocene shallowing of the
Andean subduction zone under the northern Neuquén Basin, in Kay, S.M., and
Ramos, V.A., eds., Evolution of an Andean margin: A tectonic and magmatic view
from the Andes to the Neuquén Basin (35°–39°S lat): Geological Society of
America Special Paper 407, p. 19–60, doi: 10.1130/2006.2407(02).
Kley, J., & Monaldi, C. R. (1998). Tectonic shortening and crustal thickness in the
Central Andes: How good is the correlation?. Geology, 26(8), 723-726.
López-Escobar, L. (1984). Petrology and chemistry of volcanic rocks of the Southern
Andes. In Andean Magmatism (pp. 47-71). Birkhäuser Boston.
168

Lucassen, F., Trumbull, R., Franz, G., Creixell, C., Vásquez, P., Romer, R. L., & Figueroa,
O. (2004). Distinguishing crustal recycling and juvenile additions at active
continental margins: the Paleozoic to recent compositional evolution of the
Chilean Pacific margin (36–41 S). Journal of South American Earth
Sciences, 17(2), 103-119.
Ludwig, K.R., 2008, Isoplot 3.60. Berkeley Geochronology Center, Special Publication
No. 4, 77 p.
Maloney, K.T., Clarke, G.L., Klepeis, K.A. & Quevedo, L. (2013) The Late Jurassic to
present evolution of the Andean margin: drivers and the geological record.
Tectonics, 32(5), 1049–1065.
Manceda, R. & Figueroa, D. (1995) Inversion of the Mesozoic Neuquén rift in the
Malargüe fold and thrust belt, Mendoza, Argentina: In: Petroleum Basins of
South America Memoir volume 62 (Eds. A. J. Tankard, S. R. Suarez, H. J.
Welsink, ) American Association of Petroleum Geologists,369-382.
Montecinos, P., Scharer, U., Vergara, M., & Aguirre, L., 2008, Lithospheric Origin of
Oligocene-Miocene magmatism in Central Chile: U-Pb ages and Sr-Pb-Hf isotope
composition of minerals: Journal of Petrology, 49 (3), 555-580
Naipauer, M., Vujovich, G.I., Cingolani, C.A., McClelland, W.C., 2010, Detrital Zircon
analysis from the Norproterozoice-Cambrian sedimentary cover (Cuyania
Terrane), Sierra de Pie de Palo, Argentina. Evidences of a rift and passive
marginsystem? Journal South American Earth Sciences, 29 2, 306-326.
Pankhurst, R., Rapela, C., Saavedra, J., Baldo, E., Dahlquist, J., Pascua, I. & Fanning,
C.M. (1998) The Famatinian magmatic arc in the central Sierras Pampeanas: an
early to middle Ordovician continental arc on the Gondwana margin: In: (Eds. R.
J. Pankhurst, and C. W. Rapela), Geological Society of London, Special
Publication, 142, 343-367.
Patterson, S., R. & Ducea, M. N. (2015) Arc Magmatic Tempos: Gathering the Evidence.
Elements, 11 (2), 91-98.
Pepper, M. B. (2014). Magmatic History and Crustal Genesis of South America:
Constraints from U-Pb Ages and Hf Isotopes of Detrital Zircons in Modern
Rivers. PhD Thesis, University of Arizona
Ramos, V.A. (1984) Patagonia: ¿Un continente paleozoico a la deriva?: 9 Congreso
Geológico Argentino, 2, 311-325.
Ramos, V.A. (1988) Late Proterozoic-early Paleozoic of South America: a collisional
history of southern South America. Episodes 11, 168-174.
Ramos, V.A. (1999) Plate tectonic setting of the Andean Cordillera. Episodes 22, 3, 183–
190.
Ramos, V.A. (2004) Cuyania, an exotic block to Gondwana: review of a historical
success and the present problems. Gondwana Research, 7, 4, 1009-1026.
Ramos, V.A. (2008) Patagonia: a Paleozoic continent adrift? Journal of South American
Earth Sciences, 26, 235-251.
Ramos, V.A. (2010) The Grenville-age basement of the Andes. Journal of South
American Earth Sciences, 29, 77-91.

169

Ramos, V.A., and Kay, S.M., 2006, Overview of the tectonic evolution of the southern
Central Andes of Mendoza and Neuquén (35°–39°S latitude), in Kay, S.M., and
Ramos, V.A., eds., Evolution of an Andean margin: A tectonic and magmatic view
from the Andes to the Neuquén Basin (35°–39°S latitude): Geological Society of
America Special Paper 407, p. 1–17, doi: 10.1130/2006.2407(01).
Rapalini, A.E. (2005) The accretionary history of southern South America from the
latest Proterozoic to the Late Paleozoic: some paleomagnetic constraints. In:
Terrane Processes at the Margins of Gondwana (Eds. A. P. M. Vaughan, P. T.
Leat, and R. J. Pankhurst), Geological Society of London Special Publication,
246, 305-328.
Rapalini, A. E., Lopez de Luchi, M., Tohver, E. & Cawood, P. A. (2013) The South
American ancestry of the North Patagonian Massif: geochronologic evidence for
an autochthonous orogin? Terra Nova, 25, 4, 337-342.
Rapela and Kay, 1988, Lte Paleozoic to recent magmatic evolution of Northern
Patagonia. Episodes, 11, 175-181
Rapela, C.W., Pankhurst, R.J., Casquet, C., Fanning, M.C., Baldo, E.G., GonzálezCasado, J.M., Galindo, C. & Dahlquist, J., 2007, The Río de la Plata craton and
the assembly of SW Gondwana. Earth-Science Reviews, 83, 49-82.
Rocha-Campos, A.C., Basei, M.A.S., Nutman, A.P., Kleiman, L.E., Varela, R. Llambías,
E., Canile, F.M. & da Rosa, O. de C.R. (2011) 30 million years of Permian
volcanism recorded in the Choiyoi igneous province (W Argentina) and their
source for younger ash fall deposits in the Paraná Basin: SHRIMP U-Pb zircón
geochronology evidence. Gondwana Research, 19, 509-523
Sagripanti, L., Bottesi, G., Naipauer, M., Folguera, A., & Ramos, V. A. (2011). U/Pb ages
on detrital zircons in the southern central Andes Neogene foreland (36–37 S):
constraints on Andean exhumation. Journal of South American Earth
Sciences, 32(4), 555-566.
Sato, A.M., González, P.D. & Llambías, E. (2003) Evolución del orógeno Famatiniano en
la Sierra de San Luis: magmatismo de arco, deformación y metamorfismo de bajo
a alto grado. Revista de la Asociación Geológica Argentina, 58 4, 487-504.
Seton, M., Muller, R.D., Zahirovic, S., Gaina, C., Torsvik, T., Shepard, G., Talsma, A.,
Gurnis, M., Turner, M., Maus, S. & Chandler, M. (2012) Global continental and
ocean basin reconstructions since 200 Ma. Earth Sci. Rev., 113, 212–270.
Thomas, W.A. & Astini, R.A. (1996) The Argentine Precordillera: a traveler from the
Ouachita embayment of North American Laurentia. Science, 273, 752-757.
Thomas,W.A. & Astini, R.A. (2003) Ordovician accretion of the Argentine Precordillera
terrane to Gondwana: a review. Journal of South American Earth Sciences, 16,
67-79.
Tunik, M., Folguera, A., Naipauer, M., Pimentel, M. & Ramos, V.A. (2010) Early uplift
and orogenic deformation in the Neuquén Basin: Constraints on the Andean
uplift from U-Pb and Hf isotopic data of detrital zircons. Tectonophysics,
489,258–273.
Vergani, G.D., Tankard, A.J., Belotti, H.J. & Welsink, H.J. (1995) Tectonic evolution and
paleogeography of the Neuquén basin, Argentina. In: Petroleum Basins of South
170

America. (Eds. A. J. Tankard, R. Suarez and H. J. Welsink) , American
Association of Petroleum Geologists Memoir, 62, 383-402.
Vermeesch, P., 2012. On the visualisation of detrital age distributions. Chemical
Geology, v.312-313, 190-194, doi: 10.1016/j.chemgeo.2012.04.021 0
Vervoort, J.D., and Blichert-Toft, J., 1999, Evolution of the depleted mantle: Hf isotope
evidence from juvenile rocks through time: Geochimica et Cosmochimica Acta, v.
63, p. 533–556, doi: 10.1016 /S0016 -7037 (98)00274-9.
Vervoort, J.D., and Patchett, P.J., 1996, Behavior of hafnium and neodymium isotopes
in the crust: Constraints from crustally derived granites: Geochimica et
Cosmochimica Acta, v. 60, p. 3717–3733, doi: 10.1016 /0016 -7037 (96)00201-3.
Vervoort, J.D., Patchett, P.J., Blichert-Toft, J., and Albarede, F., 1999, Relationships
between Lu-Hf and Sm-Nd isotopic systems in the global sedimentary system:
Earth and Planetary Science Letters, v. 168, p. 79–99, doi: 10.1016 /S0012 -821X
(99)00047-3.
Vujovich, G. I., van Staal, C. R., & Davis, W. (2004). Age constraints on the tectonic
evolution and provenance of the Pie de Palo Complex, Cuyania composite
terrane, and the Famatinian Orogeny in the Sierra de Pie de Palo, San Juan,
Argentina. Gondwana Research, 7(4), 1041-1056.
Willner, A.P., Thomson, S.N., Kröner, A., Wartho, J., Wijbrans, J.R. & Hervé, F. (2005)
Time markers for the evolution and exhumation history of a Late Palaeozoic
paired metamorphic belt in North Central Chile (34°E-35°30°S). Journal of
Petrology, 46, 1835-1858.
Willner, A. P., Gerdes, A., & Massonne, H.-J., 2008, History of crustal growth and
recycling at Pacific convergent margin of South America at latitudes 29°-30° S
revealed by a U-Pb and Lu-Hf isotope study of detrital zircon from late Paleozoic
accretionary systems: Chemical Geology, 253, p. 114-129
Woodhead, J., Hergt, J., Shelley, M., Eggins, S., and Kemp, R., 2004, Zircon Hf-isotope
analysis with an excimer laser, depth profiling, ablation of complex geometries,
and concomitant age estimation: Chemical Geology, v. 209, p. 121 -135.
Yrigoyen, M. R., Los depo´sitos sinoroge´nicos terciarios, in Geologı´a y Recursos
Naturales de la Provincia de Mendoza, edited by V. A. Ramos, Congr. Geol.
Argent. Rela., 12th, 123 – 148, 1993.
Zamora Valcarce, G., Zapata, T., del Pino, D., Ansa, A., 2006. Structural evolution of the
Agrio fold and thrust belt. In: Kay, S.M., Ramos, V.A. (Eds.), Evolution of an
Andean Margin: A Tectonic and Magmatic View from the Andes to the Neuquén
Basin (35–39◦S), pp. 125–145, Spec. Pap. Geol. Soc. America 407.
Zamora Valcarce, G. (2007) Estructura y Cinemática de la faja plegada del Agrio,
Cuenca Neuquina. Ph.D. Thesis, Universidad de Buenos Aires, (unpublished), p.
291.

171

Figure 1.

172

Figure 2.

173

Figure 3.

174

Figure 4.

175

Figure 5.

176

Figure 6.

177

