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a b s t r a c t

The end of the Early Cretaceous sag stage along the Southern Patagonian Andes is indicated by the
sudden appearance of shallow marine to deltaic sandstones on top of deep marine facies. We studied the
detrital and volcanic zircon UePb geochronology from the coarse-grained deposits represented by the
Río Belgrano and Río Tarde formations at the northern end of the Austral or Magallanes basin. The
maximum depositional age of the basal green sandstones of Río Belgrano Formation is marked by a
~122 Ma age peak. The youngest single zircon of the overlaying lower Río Tarde Formation yields an age
of 118 ± 2 Ma, however the ~122 Ma age peak is equally present. The upper Río Tarde Formation yielded a
112 ± 2 Ma UePb zircon age for a volcanic tuff. The ~122 Ma significant peak and 112 ± 2 Ma tuff
represent volcanic ash fall coeval with plutonic activity dated between 125 and 110 Ma in the North
Patagonian Batholith. An abundant detrital Mesozoic population is present in both units, including a 189-
170 Ma peak corresponding to the V1 Jurassic volcanic stage cropping out in the North Patagonian Massif.
However, zircons of 153e157 Ma representing the age of Jurassic volcanism along the Patagonian
basement domain to the west are scarce. Our data indicate a ~122 Ma age for the studied samples, during
which the Southern Patagonian Andes received mixed basement and V1 Jurassic volcanic stage detritus.
These combined sources are an outstanding characteristic of the North Patagonian and Deseado massifs,
in agreement with the previously proposed Aptian uplift and exhumation of Patagonia.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The Aptian-Cenomanian evolution of the Southern Patagonian
Andes and extra-Andean Patagonia can be represented by two
opposing tectonic scenarios: opening of the Atlantic Ocean to the
east and subduction processes along the pacific margin of South
America to the west (Fig. 1). Before that period, a major change in
the Southern Atlantic Ocean occurred, from Valanginian-
Hauterivian pre-breakup extension, to latest Barremian-Albian
post-breakup deformation (Torsvik et al., 2007; Dalziel et al.,
2013; Heine et al., 2013). Uplift and exhumation during post-
breakup deformation is suggested by an angular unconformity

separating subhorizontal late Aptian sequences from underlying
faults and folds in the San Juli�an offshore basin (Fig. 1; Figueiredo
et al., 1996; Homovc and Constantini, 2001). The Aptian angular
unconformity, identified in seismic lines, can be correlated with a
paraconformity at the base of the Baquer�o Group outcropping in
the Deseado Massif (Fig. 1; Soares et al., 2000). The pyroclastic
Baquer�o Group, dated between ~118 and 114 Ma (Corbella, 2001;
C�esari et al., 2011; P�erez Loinaze et al., 2013) is regarded as
equivalent to volcanic Divisadero Formation of the Northern
Patagonian Andes (Corbella, 2006). The Divisadero Formation is
constrained between 118 and 116 Ma (Pankhurst et al., 2003), and
was deposited on top of an angular unconformity indicating an
early Aptian compressional event (De La Cruz et al., 2003). There
are also suggestions that some structures along the North Pata-
gonian Massif suffered compression during the same time-span
(Su�arez et al., 2010). Nevertheless, the effects of Early Cretaceous
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Fig. 1. Location of the study zone and localities mentioned in the text. Red square shows location of geological map of Fig. 3. Basement and igneous detrital sources from Patagonia
are shown; see text for discussion. Jurassic volcanic-stages from Pankhurst et al. (2000). DM: Deseado Massif; NPM: North Patagonian Massif; TdF: Tierra del Fuego Island.
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exhumation and erosion of central Patagonia and the Northern
Patagonian Andes implied by the Aptian unconformity have not
been assessed yet in the overall framework of the Austral or
Magallanes basin.

These events were followed by Late Cretaceous uplift along the
orogenic edge of the Southern Patagonian Andes (Fig. 1). The
ensuing foreland stage in the Austral basin is indicated by the
appearance of coarse sandstones on top of the sag deposits (Wilson,
1991). Foreland deposits in the Última Esperanza region (Katz,
1963; Wilson, 1991) contain zircon grains derived from Andean
sources (Fig. 1), including PaleozoiceMesozoic metamorphic and
ophiolitic complexes, and Upper Jurassic volcanic units (Fildani and
Hessler, 2005; Romans et al., 2011). UePb data indicate a dia-
chronous sag-to-foreland stratigraphic transition (Fig. 2): from
before 96 Ma in Lago San Martín (Mata Amarilla Formation; Varela
et al., 2012) and ~101 Ma in Última Esperanza (Punta Barrosa For-
mation; Fosdick et al., 2011) to ~85e89 Ma in Tierra del Fuego
(McAtamney et al., 2011). Therefore an important question
remaining was whether this trend continues to the established
northern end of the basin in Lago Pueyrred�on-Posadas (Fig. 2).

We studied the northern outcrops of the Austral basin Creta-
ceous depocenter at 47�300S, on the southwestern shore of Lago
Pueyrred�on-Posadas (Fig. 3). The site is located in the foothills of
the Southern Patagonian Andes, and west of the Patagonian base-
ment massifs (Fig. 1). In this region, Lower Cretaceous deltaic
regressive sequences of the Río Belgrano and Río Tarde formations
are covering the sag (Fig 2; Aguirre-Urreta, 1990). We applied UePb
geochronology in detrital and volcanic zircons from the regressive
sequences, revealing a ~122 Ma maximum age for the post-sag
stage. Comparison of the obtained UePb age spectra for detrital
zircon population, together with stratigraphic and tectonic con-
siderations suggest that the Early Cretaceous sedimentary and
volcanic evolution of the northern Austral basin was related to
geodynamic processes of extra-Andean Patagonia.

2. Regional geologic framework: source zones and
sedimentary basins

There are some strong common elements in the Mesozoic
tectonic history of South America south of 41�S, comprising

Patagonia and the Patagonian-Fueguian Andes (Fig. 1). Initial
extensional subsidence began during the Triassic-Jurassic conti-
nental rifting of Gondwana, characterized by rhyolitic ignimbrites
with minor mafic lavas (Uliana et al., 1989). Magmatism associated
with these extensional depocenters is clearly diachronous,
following a southwestward migration path. Volcanism spanned
more than 40 myrs during three stages defined by peak activity
(Fig. 1; Pankhurst et al., 2000): V1 (188e178 Ma) in the North
Patagonian Massif, V2 (172e162 Ma) in the Deseado Massif and V3
along the Southern Patagonian Andes, spanning 157e153 Ma in
the Austral basin (F�eraud et al., 1999), to 152e142 Ma in the relict
Rocas Verdes basin at Complejo Sarmiento (Calder�on et al., 2007).
The synrift sequences (El Quemado Complex, Tobífera Formation)
are overlain by extended Lower Cretaceous sag deposits of the
arenaceous Springhill, and pelitic Zapata-Río Mayer formations
(Fig. 2).

Initial compression in the Southern Patagonian Andes involved
closure of the Rocas Verdes basin during the Late Cretaceous, and
obduction of its oceanic crust from 85 Ma (Calder�on et al., 2012).
South of 50�S, the Upper Cretaceous-Cenozoic Austral andMalvinas
foreland basins developed a widespread continuous marine depo-
center more than 1000 km long and 500 kmwide, with subsidence
concentrated along the cordilleran front (Fig. 1; Biddle et al., 1986;
Ghiglione et al., 2009, 2010; Baristeas et al., 2013). Sediments came
mainly from the rising hinterland, with a dominant north to south
sediment dispersal pattern (Wilson, 1991).

2.1. Austral basin

In the present work, we recognize two segments, north and
south of 49e50�S at Lago San Martín, with different and distinctive
post-sag Cretaceous sequences (Fig. 2; Ghiglione et al., in press).
The northernmost sector at Lago Posadas (47�S; Fig. 1) presents
prograding deltaic and fluvial deposits of the Río Belgrano and Río
Tarde formations, topped by up to 250 m of tuffs and volcaniclastic
deposits (Fig. 2). The Río Belgrano Formation has Hauterivian-
Barremian ammonites, with outcrops restricted to the area be-
tween Lago Posadas and Lago San Martín (Aguirre-Urreta, 1990,
2002). The Aptian-Cenomanian Río Tarde Formation represents
the first coarse-grained fluvial deposits (Arbe, 1986; Ramos, 1989).

Fig. 2. NortheSouth oriented schematic stratigraphic cross-section modified from the “Río Mayer and Lago San Martin Cycles” of Arbe (2002) showing lateral correlation of
lithotectonic sequences and formations described in the text. Bracketed numbers indicates references: (1) Varela et al. (2012); (2) Bernhardt et al. (2012); (3) Fosdick et al. (2011); (4)
McAtamney et al. (2011). See localities in Fig. 1.
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First marine regressive units south of Lago Viedma (Figs.1 and 2)
are represented by the lower Cerro Toro Formation in Argentina
(Kraemer and Riccardi, 1997) regarded as equivalent to Punta Bar-
rosa Formation of Chile (Ghiglione et al., 2014). Sandstone petrog-
raphy, detrital zircon geochronology, and mudstone geochemistry
indicate that the Cenomanian-Turonian Punta Barrosa Formation
and equivalent units in Tierra del Fuegowere derived from thewest
(Fildani and Hessler, 2005; McAtamney et al., 2011). Fosdick et al.
(2011) dated a volcanic ash at the Zapata/Punta Barrosa forma-
tions transition zone yielding a UePb zircon age of 101 ± 1 Ma
(Fig. 2) showing that incipient thrust belt formationwas under way
as early as the latest Albian. The following Coniacian-Danian se-
quences have detrital zircons with abundant Tobífera volcanic zir-
cons (V3 volcanic stage; 157e145 Ma), Cretaceous arc material
(110e70 Ma), and minor components of Paleozoic basement
(Romans et al., 2011).

2.2. Extra-Andean Patagonia

East and northeast of our study zone Paleozoic metasedi-
mentary and plutonic units of extra-Andean Patagonia crop out in
the Deseado and North Patagonian massifs (Fig. 1). The reader is
referred to Ramos and Naipauer (2014) for a detailed account of
those outcrops.

The igneous and metamorphic rocks are covered in angular un-
conformity by a Jurassic volcanism composed by rhyolitic ignim-
brites and andesite and basaltic andesite lavas. This volcanics are
grouped in the Chon Aike magmatic province, which corresponds to

volcanic stages V1 and V2 from Pankhurst et al. (2000). In the V1 are
grouped rhyolites of the Marifil Formation and andesite and basaltic
andesites of Taquetr�en and Lonco Trapial formations exposed in the
North Patagonian Massif (Fig. 1). The V1 ages between 188 and
178Mawere obtained from RbeSr, AreAr, andUePb (Pankhurst and
Rapela, 1995; F�eraud et al., 1999; Bertrand et al., 1999; Pankhurst
et al., 2000; Cúneo et al., 2013). The V2 stage comprises ignim-
brites of the Chon Aike Formation and volcaniclastic strata of the La
Matilde Formation, both units exposed in the DeseadoMassif (Fig.1).
UePb and RbeSr ages indicate a V2 magmatic activity peak at
172e162Ma (Pankhurst et al., 2000).

The Deseado and San Julian basins evolved during the Mesozoic
as continental intracratonic rifts developed above themetamorphic
and volcanic basement, in response to regional pre-breakup
extension (Homovc and Constantini, 2001). Seismic sections show
a prominent Aptian angular unconformity that can be followed
regionally, marking late ValanginianeAptian wrenching that pro-
duced transpressive structures in both basins (Figueiredo et al.,
1996; Giacosa et al., 2010). The angular unconformity can be
correlated with the paraconformity separating the Baquer�o Group
from the Bajo Grande Group in the Deseado Massif (Soares et al.,
2000; Homovc and Constantini, 2001). The Baquer�o Group is
divided from bottom to top in Anfiteatro del Tic�o, Bajo del Tigre and
Punta del Barco formations. The Punta del Barco Formation has
been recently dated at 114.7 ± 0.2 Ma (C�esari et al., 2011), and a
basal tuff in the Anfiteatro del Tic�o Formation yielded a CA-TIMS
UePb zircon age of 118.2 ± 0.1 Ma (P�erez Loinaze et al., 2013).
These results are in agreement with previous ~118 Ma 40Ar/39Ar

Fig. 3. Geological sketch of the study zone. Modified from Giacosa and Franchi (2001). See location in Fig. 1.
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ages from the Anfiteatro de Tic�o Formation (Corbella, 2001). These
ages constrain the proposed deformation of the Deseado and San
Julian basins as occurring before 118 Ma.

2.3. Patagonian Andes

The older basement (Fig. 2) is composed of Devonian to Carbon-
iferous metasedimentary (Río L�acteo Formation) and sedimentary
(Bahía La Lancha Formation) rocks with high ductile deformation
(Ramos, 1989; Giacosa andM�arquez, 2002). These two units are part
of the Eastern Andean Metamorphic Complex (Herv�e et al., 2008)
developed to the west and north of the study area, mainly in Chile
(Fig. 1). Detrital zircon ages (UePb SHRIMP) for the Bahía La Lancha
Formation obtained by Augustsson et al. (2006), have a maximum at
~345 and other peaks at 383, 509 and625 Ma,with subordinate early
Neoproterozoic andMesoproterozoic ages. Along the easternmargin
of the Southern Patagonia Andes, the metamorphic basement is
cover by Late Jurassic volcanic rocks (Fig. 2) of the El Quemado
Complex (Argentina) and Iba~nezandTobífera formations (Chile). This
volcanism is included in the V3 volcanic stagewith ages between 157
and 145Ma (F�eraud et al., 1999; Pankhurst et al., 2000, 2003;
Calder�on et al., 2007). Along the northeastern outcrops of the study
region, in the Sierra Colorada (Fig. 3), ignimbrites of El Quemado
Formation were dated by UePb zircons at 154 ± 2 Ma (Pankhurst
et al., 2000) and 40Ar/39Ar at 156 ± 2 Ma (Iglesia Llanos et al., 2003).

The Paleozoic basement and the Jurassic volcanic rocks are the
host rocks of theMeso-Cenozoic Patagonian Batholith (Fig.1; Herv�e
et al., 2007, 2008; Ramos and Ghiglione, 2008). Southwest of the
study area the batholith is represented by the Miocene granitic San
Lorenzo pluton that yielded 6.5 ± 0.5 Ma, K/Ar biotite ages
(Welkner et al., 2002).

To the west, in the Ays�en region of Chile (Fig. 1), several Upper
Jurassic - Cretaceous granitoids were dated by UePb and 40Ar/39Ar
between 150 and 69 Ma (Pankhurst et al., 1999; Su�arez and De la
Cruz, 2001; Thomson et al., 2001) including a cluster of ages be-
tween 125 and 110 Ma. In this region, an angular unconformity
separates the Divisadero Group from the folded underlying Lower
Cretaceous volcanic and sedimentary rocks of the Coyhaique Group
(Su�arez and De la Cruz, 2001). The Divisadero Group in Chile was
dated by KeAr and AreAr, with ages ranging from ~118 to 113 Ma
(De La Cruz et al., 2003; Su�arez et al., 2010), and four UePb SHRIMP
zircon ages yielding between ~118 and 116 Ma (Pankhurst et al.,
2003). These ages, together with structural considerations, indi-
cate that the Río Mayo Embayment or Ays�en basin (Fig. 1) was
inverted between 121 and 118 Ma (Su�arez et al., 2010).

3. Stratigraphy

The Río Mayer Formation is dominated by black shales inter-
spersed with fine sandstones of restricted platform facies. The
contacts are transitional with both the sandstones and conglom-
erates of the underlying Springhill Formation, and with the over-
lying Río Belgrano Formation (Fig. 4). Aguirre-Urreta and Ramos
(1981) estimate the beginning of the sedimentation for this unit
as Valanginian-Hauterivian for the northernmost outcrops.

The Río Belgrano Formation in the Río Tarde section (Figs. 3 and
4) is 133 m thick (Homovc, 1980), and at least 160 m at Cuesta del
Oro (nortwest from Río Oro; Aguirre-Urreta, 2002). The Río Bel-
grano Formation has green and gray sandstones intercalated with
shales and limestones. It represents a proximal environment near
the coastline, with beach and wave channels (Arbe, 1986). A
Barremian-Aptian age is based on fossils, especially ammonites
(Aguirre-Urreta, 1990, 2002).

The Río Tarde Formation overlies the Río Belgrano Formation in
concordance or erosive discordance. The formation is divided into

twomembers based on its pyroclastic content. The lower member is
characterized by red conglomerates and sandstones; the contact is
transitional with the upper member, dominated by tuffs and tuffa-
ceous sandstones (Fig. 4). Its depositional environment is interpreted
as a fluvial system of high energy (Arbe, 1986). The upper member
corresponds to floodplains with ash falls, yielding KeAr ages (biotite
and plagioclase) of 97 ± 4 and 99 ± 6 Ma (Ramos and Drake, 1987).

These units are slightly unconformably covered by the Eocene
Posadas Basalt, followed by the Oligocene marine Centinela For-
mation, the Miocene synorogenic deposits of the Santa Cruz For-
mation, and the Mio-Pliocene Strobel Basalts (Fig. 5A; Ramos, 1989;
Giacosa and Franchi, 2001).

3.1. Río Oro section

The sedimentary profile on the SE side of Río Oro (Fig. 3) in-
cludes the Río Belgrano and lower Río Tarde formations (Figs. 4 and
5B). Basal thick sandstones of the Río Belgrano Formation lie in
concordance over black, ammonite bearing mudstones and lime-
stones in the transition with the Río Mayer Formation (Fig. 5C).

The measured section of the Río Belgrano Formation is
composed of 40 m of green, fine to medium sandstones and
interspersed fine conglomerates (Fig. 4): The first 9 m includes
medium to fine sandstones, with flaser, wavy and cross-bedding,
and intercalated conglomeratic sandstones with erosive bottoms.
A continuous 2 m thick bed of conglomeratic sandstone follows,
containing pelecypods, gastropods and corals. The section con-
tinues with 8 m of thinning-upwards medium sandstones in banks
0.5 m thick whose grain size decreases to shale, followed by 6 m of
shale and 5 m of fine massive sandstones. The section ends with
10 m of conglomeratic to sandstone thinning-upwards banks with
erosive base and parallel to cross-bedding.

The Río Tarde Formation overlies in concordance (Fig. 5B). The
measured thickness includes the basal 45 m of the lower member
(Fig. 4): the first 12 m are thinning-upwards banks of red con-
glomerates to medium sandstones, with erosive base, parallel and
cross-bedding. The section continues with 11 m of coarse to me-
dium sandstones and tuffs, and 9 m of thinning-upwards red
conglomeratic banks, with erosive base. Themeasured section ends
with 7 m of sandstones with silicified trunks. The sedimentary
succession continues sporadically up to the coast of Lago
Pueyrred�on (Fig. 3), but was not measured.

3.2. Río Tarde section

The Río Belgrano Formation is characterized by a 133 m thick
succession of fine to medium green sandstones (Fig. 4). Sampling
was focalized in the Río Tarde Formation following the section from
Homovc (1980): the section starts with 18 m of red conglomerates
to coarse sandstones, with cross-bedding and silicified trunks,
followed by 25 m of medium sandstones with parallel bedding and
silicified trunks. The coarse deposits are covered by 50 m of me-
dium to fine sandstones with parallel, cross-bedding and massive
structures. The upper Río Tarde Formation starts with interspersed
green tuffs and fine sandstones. Towards the top there are gray
sandy tuffs and tuffaceous sandstones, topped by litharenite
sandstones with parallel and cross-bedding.

4. Methodology

4.1. Sample selection and petrography

Petrography studies were performed on 15 sandstone,
conglomeratic sandstone and volcanic rocks to select samples for
UePb dating. The samples were studied under a polarized
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microscope and the sandstones were classified by Barber�on et al.
(2014), following the scheme of Folk et al. (1970). In the Río Oro
section two samples (RB-05 and RT-03) were selected, while in the
Río Tarde section only one (RT-10) was picked for UePb geochro-
nology (Fig. 4).

Sample RB-05 is a fine feldspathic litharenite with angular to
subangular grains. Framework sand grains include monocrystalline
quartz, K-feldspar, polycrystalline quartz and lithic fragments of
sedimentary, volcanic and low-grade metamorphic rocks. Glauco-
nite, muscovite and zircon are present as accessory minerals. The

Fig. 4. Stratigraphic column of the Río Belgrano and Río Tarde formations at Río Oro (left) and Río Tarde (right) localities. Notice different scales, left column is 10� with respect to
right column. Collected samples and geochronological results are indicated. Río Tarde section is modified after Homovc (1980).
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grains are cemented by silica, oxides and carbonate. Sample RT-03
is a poorly sorted coarse-grained litharenite. Grains are dominated
by lithics and less monocrystalline quartz, polycrystalline quartz
and plagioclase. Subrounded lithic fragments are from volcanic and
metamorphic origin. Cement is compound of oxides and carbon-
ates. Sample RT-10 is a vitric rhyolitic tuff with crystals of quartz
and plagioclase in a devitrified matrix.

4.2. Detrital zircon geochronology

The zircon grains were separated from 5 kg samples of a thin
greenish sandstone (RB-05), a red fine conglomerate (RT-03), and
one tuff layer (RT-10). Heavy mineral fractions were concentrated

and separated into 100, 150 and 250 mm size fractions by standard
crushing and panning at the Universidad de Buenos Aires. Zircon
fractions of roughly 400 grains were handpicked in alcohol under a
binocular microscope for geochronology analysis. Zircons of un-
knowns and standards were handpicked under the microscope and
mounted in a 1-inch diameter epoxy puck and slightly ground and
polished to expose the surface and keep as much material as
possible for laser ablation analyses.

After cathodoluminescence imaging at University of Idaho, the
LA-ICP-MS UePb analyses were conducted using a New Wave
Nd:YAG UV 213-nm laser coupled to a Thermo Finnigan Element 2
single collector, double-focusing, magnetic sector ICP-MS. Oper-
ating procedures and parameters were similar to those of Chang

Fig. 5. (A) Stratigraphic panoramic at southwest coast of Lago Posada; view to the SW. The sequence is subhorizontal and altitude measurements are a good approach to real
stratigraphic thickness. (B and C) Río Oro section; view to the SE. Contact between black fossil bearing mudstones and limestones from Río Mayer Formation and green sandstones
of Río Belgrano Formation. Sampled level RB-05 is indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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et al. (2006). Laser spot size and repetition rate were 30 microns
and 10 Hz, respectively. He and Ar carrier gases delivered the
sample aerosol to the plasma. Each analysis consists of a short blank
analysis followed by 250 sweeps through masses 202, 204, 206,
207, 208, 232, 235, and 238, taking approximately 30 s. Time-
independent fractionation was corrected by normalizing U/Pb and
Pb/Pb ratios of the unknowns to the zircon standards (Chang et al.,
2006). U and Th concentration were monitored by comparing to
NIST 610 trace element glass. Two zircon standards were used:
Plesovice, with an age of 338 Ma (Sl�ama et al., 2008) and FC-1, with
an age of 1099 Ma (Paces andMiller, 1993). Uraniumelead ages and
plots were calculated using Isoplot (Ludwig, 2003). The analyses
were corrected by assuming concordance and applying a common
Pb correction using the 207 Pb method (Williams, 1998). The
analytical data are reported in Table S1 of Supplementary Material,
including uncertainties at the 1s level, and measurement errors.
Tera-Wasserburg concordia diagrams for the detrital samples are
shown in Supplementary Fig. S1.

4.3. Estimation of maximum depositional ages from detrital zircons

To estimate the maximum depositional ages, we used (1) the
youngest graphical peak and (2) theweightedmean of the coherent
group of youngest grain ages that overlap at 2s analytical error.
These methods were used successfully in the southern depocenter
of the Austral basin in Tierra del Fuego (Fig. 1; Barbeau et al., 2009).
An alternative estimate based on the youngest single grain is
sometimes valid, but is statistically less valid (Dickinson and
Gehrels, 2009). The presence of a well-dated Cretaceous
magmatic arc a few kilometers to the west of the studied samples,
increases our chances of finding a group of zircons contempora-
neous with sedimentation. The age distribution of youngest zircons
was initially assessed using the Tuffzirc algorithm (Ludwig, 2003) to
look for the set of data that formed the tightest cluster of significant
ages.

5. Results

5.1. Zircon morphology and UePb data

The zircon grains of sample RB-05 are characterized by the
predominance of a population of crystal with prismatic habit and
elongation between 3 and 4 (more than 5 is rare); their forms are
mainly idiomorphic to subidiomorphic and many grains preserve
bipyramidal crystal form (Fig. S2 Online Supplementary Material).
The size varies between 100 mm and 250 mm in length. The cath-
odoluminescence images show crystal grains with oscillatory
zoning that suggests a magmatic origin for most of the analyzed
zircons (Fig. S2). The spectrum of the 94 obtained ages is between
115 Ma and 1054 Ma (Table S1). The distribution of the ages is
characterized by bimodal graphical peaks at ~122 Ma and 182 Ma
(Fig. 6A); there are also isolated ages in the Triassic (236 Ma),
Permian (255 Ma), Devonian (410, 419 Ma), Silurian (442 Ma),
Ordovician (475 Ma), Cambrian (511 Ma), Neoproterozoic (641,
666 Ma), and Mesoproterozoic (1011, 1054 Ma). The youngest
graphical peak at ~122 Ma is included in an interval of ages be-
tween 115 Ma and 137 Ma (36%) and the peak at ~182 Ma is within
the interval 170 to 189 Ma (40%).

The youngest ages from the graphical peak at ~122 Ma were
assessed with the Tuffzirc algorithm (Ludwig, 2003). The algorithm
removed the two youngest grains that were, however, inconsistent
with the stratigraphic age. The following 19 zircons formed the
youngest significant cluster of overlapping ages. The weighted
mean age of the cluster is 122 ± 1 Ma [0.8%] 95% confidence, with a
mean square of weighted deviates of 1.2 and a probability ¼ 0.21.

The zircon grains of sample RT-03 showed some differences
with respect to those of sample RB-05, as most of the crystals have
prismatic habit (elongation between 2 and 4) but subrounded to
rounded forms (Fig. S2). These aspects indicate a higher sediment
transport or reworking. The zircons are smaller, ranging between
100 mm and 150 mm in length. The population with idiomorphic
prismatic zircons is subordinate. The cathodoluminescence images
of the crystals analyzed in RT-03 also showed oscillatory zoning in
most of the zircons (Fig. S2). The interval of the 97 detrital zircon
ages obtained is between 118 Ma and 2681 Ma (Fig. 6B; Table S1).
The pattern of ages has two prominent peaks at ~122 Ma (ages
between 118 Ma and 137 Ma; 31%) and ~180 Ma (ages between 170
and 188 Ma; 29%) similar to RB-05 (Fig. 6B). But unlike the previous
sample, approximately 30% of the total zircons ages are Paleozoic
and Precambrian, with peaks at ~354 Ma (Devonian), 446 Ma
(Silurian), and 504 Ma (Cambrian), single ages are in the Neo-
proterozoic, Mesoproterozoic, and Archean (2681 Ma).

A significant cluster including the youngest 23 grains was found
using the Tuffzirc algorithm, coinciding with the consecutive group
of youngest grains that overlap at 2s. The weighted mean of the 23
youngest overlapping ages is 121.5 ± 1.0 Ma [0.75%] 95% confidence,
with a mean square of weighted deviates of 1.3 and a
probability ¼ 0.17.

The grains separated from the tuff layer (RT-10) are character-
ized by their prismatic habit with elongation more than 3 and
idiomorphic form, many grains preserve bipyramidal crystal faces
(Fig. 6C). There were also prismatic zircons with high aspect ratio
(elongation more than 5) and inclusions that indicate typically
volcanic origin (Fig. S2). 44 zircon grains were chosen for UePb
dating and the 37 younger ages give a weight age of 112 ± 2 Ma
(Fig. 6C) which is interpreted as the depositional age of the tuff.

5.2. LueHf isotope analyses

The Hf isotope composition for 6 zircons separated from RT-10
was analyzed (Table S2). Five Early Cretaceous zircons (~112 Ma)
from the sample yielded negative values of initial εHf between�4.5
and �0.8; one Late Jurassic zircon (~157 Ma) has an initial εHf
of �5.2. These preliminary εHf negative to neutral values suggest
important crustal recycling with some mantle influence.

6. Discussion

6.1. Maximum depositional and tuff ages of the sequence

The stratigraphic age of the Río Belgrano Formation in the
studied zone is Barremian based on its abundant ammonoid as-
sociation of the Hatchericeras patagonense zone (Aguirre-Urreta,
2002). The maximum depositional age of RT-03 could be esti-
mated as 115 ± 2 Ma based on the youngest single zircon age.
However, a more appropriate assessment, consistent with the
stratigraphic age, would be represented by the ~122 Ma graphical
peak (Fig. 6A,D). The 122 ± 1 Ma weighted mean age of the
youngest significant cluster of overlapping ages is also consistent,
and in coincidence with the graphical peak. It should be notice
that after an initial assessment with the Tuffzirc algorithm, and
bearing in mind that they were significantly different from the
stratigraphic age, the two youngest grains of 115 ± 2 Ma and
116 ± 2 Ma were consciously not included in the weighted mean
age.

The boundaries of the Barremian according to the chro-
nostratigraphic Mesozoic time scale of Cohen et al. (2013) are be-
tween ~130 Ma and ~125 Ma. However, the base age of the Aptian is
based on the absolute age of the M0r magnetic anomaly, which is
still in deep debate, and was defined has 121.2 ± 0.5 Ma (He et al.,
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2008). Our UePb detrital zircon ages for the basal Río Belgrano
Formation indicate a robust measure of the maximum depositional
age at ~122 Ma. Therefore our geochronological data and the fossil
content are in agreement with the base age of the Aptian calculated
by He et al. (2008).

The youngest single zircon of the overlaying red conglomerate
of Río Tarde Formation yields an age of 118 ± 2 Ma. However the
graphic peak at ~122 Ma is also present (Fig. 6B,D). The weighted
mean of the 23 youngest zircons is 121.5 ± 1.0 Ma in agreement
with slightly older values for the underlying sample, and consti-
tuting a reliable estimation for the maximum depositional age. The
~112 ± 2 Ma tuff indicates the age for the mid section of the upper
Río Tarde Formation. Tuffs at the top yielded KeAr ages of
~99e97 Ma (Ramos and Drake, 1987). The age of this unit can be
constrained to the Aptian-Cenomanian, in agreement with previ-
ous stratigraphic considerations (Aguirre-Urreta and Ramos, 1981;
Arbe, 2002).

6.2. Possible source areas

The whole depositional ranges of the Río Belgrano and Río Tarde
formations, and their precise stratigraphic boundaries are beyond
the scope of this paper. However, the presence of ~122 Ma peaks of
fresh zircons, allows us to examine provenance at in this particular
moment in time (Fig. 6D). Three main regions can be distinguished
as potential source areas of sediment supply according to the
paleogeography of the northern Austral basin (Fig. 1). The western
margin is currently represented by the Patagonian Andes, were an
active volcanic arc with a climax of activity in the Cretaceous
formed the border at that time (Pankhurst et al., 1999, 2000; Su�arez
and De la Cruz, 2001). The eastern boundary is defined by the
Deseado Massif, while the North Patagonian Massif and the Ays�en
basin are located to the north-northeast.

The ~122 Ma zircons in the Río Belgrano Formation most
probably come from volcanic rocks and tuffs produced by

Fig. 6. Frequency histograms with relative probability plots of 207Pb/206Pb ages on zircons for (A) detrital sample RB-05, (B) detrital sample RT-03, and (C) tuff sample RT-10 with
images of representative zircons and Tera-Wasserburg concordia diagram. (D) Frequency histograms for studied and source units. Data for North Patagonian Batolith in Ays�en are
from Pankhurst et al. (1999, 2003) and Thomson et al. (2001), and Jurassic Volcanic stages V1-3 are from Pankhurst et al. (2000).
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contemporaneous activity (Fig. 6D). The roots of this volcanism are
identified in the North Patagonian Batholith of Ays�en to the west,
with RbeSr and UePb ages of 130e120 Ma (Pankhurst et al., 1999;
Thomson et al., 2001). The peak at ~122 Ma in the Río Tarde For-
mation probably represents reworked detrital zircons, as indicated
by the subrounded to rounded forms of the studied crystals
(Fig. S2).

The peak at ~182 Ma and 180 Ma coincides with the V1 volcanic
stage. Subordinate ages between 173 and 165 Ma comparable with
the V2 volcanic stage are also present in both units (Fig. 6D).
However, zircon ages of 157e145 Ma (V3) exposed along the
Patagonian basement front to the west (Fig. 3) are poorly repre-
sented (Fig. 6D). Therefore, a northeastern-eastern source region
represented by the Patagonianmassifs is interpreted for the Early to
Middle Jurassic zircons.

A well represented group of ages in Río Tarde Formation shows
Paleozoic, Neoproterozoic, and Mesoproterozoic sources (27%).
These old ages togetherwith a petrographic analysis showing a large
proportion of metamorphic clasts (Barber�on et al., 2014) indicate
exposed igneous-metamorphic sources. This type of rock crops out
with similar detrital ages in the Eastern Andean Metamorphic
Complex located to the west, and in the Deseado Massif to the east.

In summary, the presence of V1 and V2 volcanic zircons,
together with Paleozoic and metamorphic detritus is indicative of
sources from the North Patagonian and Deseado massifs (Fig. 1),
while the ~122 Ma peak probably represents contemporaneous
Andean volcanic activity (Fig. 7A).

6.3. Stratigraphic correlation with contemporary volcanism and
magmatism

Corbella (2006) correlated the volcanic deposits of the Baquer�o
Group of extra-Andean Patagonia with the Divisadero Group in the
Northern Patagonian Andes. The pyroclastic Baquer�o Group has
been dated between ~118 and 114 Ma (Corbella, 2001; C�esari et al.,
2011; P�erez Loinaze et al., 2013), while the Divisadero Formation is
geochronologically constrained between 118 and 116 Ma
(Pankhurst et al., 2003). Considering our ~122 Ma detrital and
112 ± 2 Ma tuff age the tuffaceous upper member of the Río Tarde
Formation is regarded as equivalent to the volcanic Divisadero and
Baquer�o Groups (Figs. 7B and 8). Regionally, this volcanism can be
correlated with the tuff-dominated fluvial succession of the Albian
Mina del Carmen Formation, part of the widespread Chubut Group
of northern Patagonia (Fitzgerald et al., 1990; Paredes et al., 2013).
To the south a correlation can be made with the Kachaike Forma-
tion (Figs. 2 and 7B; Riccardi and Rolleri, 1980) of late Aptian - early
Cenomanian age, based on ammonite fauna and abundant paly-
nological assemblages (Guler and Archangelsky, 2006;
Archangelsky and Llorens, 2005).

Our preliminary εHf negative to neutral values (�4.5 to �0.8)
suggest important crustal recycling with some mantle influence for
the studied volcanism. However, εHf values from the Patagonian
Batholith are in the range þ2 to þ10 by about 130 Ma, and they
remain in this range through to the Neogene (Fanning et al., 2009).
In contrast, our negative values for the 122 Ma zircons suggest a

Fig. 7. Proposed conceptual-theoretical geodynamic frame for (A) deposition of Río Belgrano and lower Río Tarde formations during Patagonia uplift, and (B) postorogenic
deposition of upper Río Tarde tuffs and correlative units from Patagonia and the Northern Patagonian Andes.
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stronger crustal influence, probably derived fromvolcanoes located
closer to the craton (Fig. 7B).

6.4. Patagonia and comparison with the Brazilian margin

Our detrital zircon data indicate the exhumation of the Deseado
Massif and probably the western rim of the North Patagonian
Massif at ~122e118 Ma (Fig. 7A). It coincides with the proposed
uplift and deformation of the Deseado and San Juli�an basins and
some sectors of the Deseado Massif (Figueiredo et al., 1996; Soares
et al., 2000; Homovc and Constantini, 2001). The contemporaneous
uplift of the North Patagonian Andes during the Aptian (Fig. 7A)
was identified by Su�arez et al. (2010). The uplift of Patagonia can be
associated with the latest Barremian-Aptian (Torsvik et al., 2007;
Heine et al., 2013) post-breakup deformation and the accelerated
opening of the Southern Atlantic Ocean.

A similar response has been registered in SE and NE Brazil,
where compressional reactivation of the continental margin started
shortly after the formation of an Aptian break-up unconformity
(Cobbold et al., 2001; Meisling et al., 2001). The Amazon Basin,
which formed in a rift setting during the Paleozoic, went through a
phase of strong wrenching between the Early Jurassic and the
Cenomanian, but most probably in the mid-Cretaceous (Szatmari,
1983). Right-lateral wrenching acted along the Amazon Basin,
while, in the Equatorial Atlantic, Africa was pulling away in a right-
lateral sense from South America (Caputo, 1991). The wrenching
was responsible for strike-slip faults, reverse faults, and large folds,
which uplifted the Precambrian basement (Cobbold et al., 2001;
Meisling et al., 2001).

6.5. NortheSouth correlation and implications for the Austral basin

In the light of our detrital and volcanic zircon UePb geochro-
nology and stratigraphic correlations, it seems clear that the post-
sag depocenter of the Austral basin between 47� and 53�S can be
divided into two very distinct segments (Fig. 2): The northern
segment extending between Lago Pueyrred�on and Lago San Martín
presents a 600 m-thick early cycle of Barremian-Albian coarse
grained littoral and continental sedimentation (Figs. 4 and 5B). This
regressive sedimentation is absent in the segment south of Lago
Viedma, were this period corresponds to deep marine facies of the
Río Mayer and Zapata formations (Fig. 2). The differences for the
Turonian-Paleocene are also striking: while the northern segment
presents an important hiatus for that stage (Fig. 5A), the southern
segment developed a foreland sequence up to 5000 m thick (Katz,
1963; Wilson, 1991).

The analyses of detrital zircons also show some striking differ-
ences and give some clues regarding the paleogeographic bound-
aries of the Cretaceous Austral basin. The 188e179 Ma ages from
the V1 volcanic stage strongly characterizes the northern segment
(Fig. 6D). However, this age interval is represented by only 3 grains

from a total of 640 analysed in 13 samples of detrital zircons from
Punta Barrosa, and younger foreland sequences of the southern
depocenter (see Fig. 8 from Romans et al., 2011). The early
Barremian-Albian sequences flanked to the east by the Deseado
Massif and showing abundant zircons from the V1 and V2 volcanic
stages are consistent with sedimentation and subsidence influ-
enced by the exhumation of Patagonia (Fig. 7A). On the other hand,
the stacking of Turonian-Paleocene sequences south of 49�S
showing western rather than eastern sources (Romans et al., 2011),
occurs adjacent to the area influenced by the closure of Rocas
Verdes basin and uplift of the Southern Patagonian Andes (Su�arez
et al. 2010; Ghiglione et al., 2014, in press).

6.6. Neuqu�en basin

Exhumation of the North Patagonian Massif could also be re-
flected by a 188e178Ma detrital zircon population recorded in the
Neuqu�en basin, during deposition of the Aptian-Albian Rayoso For-
mation (Tunik et al., 2010). This detrital zircon age signal is also
present in many other Jurassic and Cretaceous units of the Neuqu�en
basin (Naipauer et al., 2014). Triassic to Middle Jurassic detrital zir-
cons and abundant volcanic lithic fragments recorded in the Neu-
qu�en basin during deposition of the Rayoso Formation (Tunik et al.,
2010) can be also interpreted as coming from the V1 Jurassic vol-
canic stage of the North Patagonian Massif (Fig. 7A). Initially, the
west-east oriented Huincul High could have acted as a Jurassic-
Lower Cretaceous positive element (Chernicoff and Zappettini,
2004) hindering the passage of sediments from the south. Howev-
er, sedimentological and petrographic analyses, together with
paleocurrent orientations suggest that high areas of the North
Patagonian Massif were the main source of the fluvial system
topping the Late Cretaceous Neuqu�en Group (Armas et al., 2014).

7. Conclusions

Early Cretaceous continental regressive sequences of the Río
Belgrano and Río Tarde formations cover marine facies of the Río
Mayer Formation. This radical environmental change seems to
represents a major tectonic event related to a new regional geo-
dynamic setting. The Río Belgrano and lower Río Tarde formations
present mixed basement sources together with zircons from the V1
and V2 Jurassic volcanic stages in samples robustly dated at
~122 Ma. However, zircons of 157e153 Ma representing the V3
Jurassic volcanic stage along the Patagonian basement thrust front
to thewest are scarce. South of 50�S zircons of V3 age are present in
the basal sequences (Romans et al., 2011) reflecting uplift of the
Andes on west-directed thrusts, so that their absence in the
northern part of the basin shows that these thrusts were not active
there.

The combination of basement sources together with
165e188 Ma zircons assigned to the V1 and V2 Jurassic volcanic
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stages is characteristic of Central Patagonia, and can be found
around the Deseado Massif and along the western rim of the North
Patagonian Massif. Our data bolster previous ideas for the Aptian
tectonic uplift of Patagonia during the breakout phase of the
Southern Atlantic Ocean (Fig. 7A). This stage included ridge-push
forces, due to accelerated oceanic opening (Ghiglione et al., 2014),
combinedwith strike-slip faulting and transpressional deformation
due to accommodation between ridge sections. It is also note-
worthy that the dated coarse grained Aptian-Albian regressive se-
quences are not present to the south (Fig. 2), restricting this
sedimentary event to the sector bounding the Deseado Massif
(Fig. 7A).

The tuff sequence of the upper Río Tarde Formation yielded a
112 ± 2 Ma absolute age for its middle section, allowing partial
correlation with the Baquer�o and Chubut groups from Patagonia,
the Divisadero Group of the Northern Patagonian Andes, and south
with the Kachaike Formation of the Austral basin (Fig. 7B).
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