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Abstract: New U—Pb detrital zircon ages are presented for the Tordillo Formation. The ages indi-
cate that the most important source region of sediment supply was the Jurassic Andean arc (peaks at
c¢. 144, 153 and 178 Ma), although two secondary sources were defined at c. 218 and 275 Ma. Tem-
poral variation in the provenance indicates that at the beginning of the sedimentation, Carbonifer-
ous to Lower Jurassic magmatic rocks and Lower Palacozoic metamorphic rocks were the most
important sources. Towards the top, the data suggest that the Andean arc becomes the main
source region. The comparison between provenance patterns of the Tordillo Formation and of
the Avilé Member (Agrio Formation) showed some differences. In the former, the arc region
played a considerable role as a source region, but this is not identified in the latter. The results
permit a statistically robust estimation of the maximum deposition age for the Tordillo Formation
at ¢. 144 Ma. This younger age represents a discrepancy of at least 7 Ma from the absolute age of
the Kimmeridgian and Tithonian boundary (from the chronostratigraphic timescale accepted by the
International Commission of Stratigraphy, IUGS), and has strong implications for the absolute age
of the Jurassic—Cretaceous boundary.

Supplementary material: Sample coordinates, values of the sandstone compositional framework
and U-Pb (LAM-MC-ICP-MS) age measurements of zircons grains are available at http: //www.

geolsoc.org.uk/SUP18718

Upper Jurassic continental sequences deposited on
the southwestern proto-Pacific margin of Gondwana
represent an important component of the Neuquén
Basin between 31° and 41° South latitude in west-
ern central Argentina. These continental sediments
are mainly grouped into the Tordillo Formation
(Groeber 1946) and form one of the most charac-
teristic lowstand wedges of the basin (Spalletti &
Veiga 2007; Veiga & Spalletti 2007). This lowstand
wedge is the main hydrocarbon reservoir and con-
tains the largest conventional oil reserves in Argen-
tina (Maretto et al. 2002). The Neuquén Basin is
located in a retroarc setting (Vergani et al. 1995;
Ramos 1999; Howell et al. 2005) where thousands
of metres of marine and continental sediments
were accumulated along the eastern side of the
Andean volcanic arc from the Early Jurassic (Ramos

2010; and references therein) (Fig. 1a). Because of
its retroarc position, important input from volcanic
sources to the detrital sediments should be expected.
However, the detrital input from the Andean arc
was not constant. It varied over time and through-
out the basin and was mixed with other pre-Andean
volcanic materials. Previous analyses of sedimen-
tary provenance in the Tordillo Formation were
mainly based on petrographic and geochemical
studies. These demonstrated the participation of the
volcanic supply, but were not able to identify the
ages of the sources (Marchese 1971; Gulisano
1988; Eppinger & Rosenfeld 1996; Spalletti et al.
2008). Systematic studies based on sedimentary
provenance in the Neuquén Basin, including U-
Pb zircon dating, remain scarce (Tunik et al. 2010;
Naipauer et al. 2012; Di Giulio et al. 2012).
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Fig. 1. (a) Sketch map of the Neuquén Basin showing its depocentres and the main tectonic elements for the Late
Jurassic (based on Spalletti & Colombo Pifiol 2005). (b) Geological map with distribution of the outcrops of the
Mendoza Group (Late Jurassic—Early Cretaceous) and the main pre-Middle Jurassic basement rocks. Sample localities

for U-~Pb work for the Tordillo Formation are also shown.

The present study presents new U-Pb data
(LAM-MC-ICP-MS; Laser Ablation Microprobe-
Multi-Collector-Inductively Coupled Plasma-Mass
Spectrometer) on detrital zircons from outcrops of
the northwestern region of the retroarc Neuquén
Basin with a view to defining the age of the sediment
sources. We investigate how the provenance pat-
terns along a north—south transect through the
western margin of the basin differ. The new data
permit a more precise assessment of the maximum
age of deposition of the Tordillo Formation and
the description of regional and temporal changes
in the sedimentary provenance. We also compare
the pattern of detrital zircon ages obtained in this
study with those obtained previously by Tunik
et al. (2010) in a lowstand wedge developed in
the Early Cretaceous within the Agrio Formation.
The absence of provenance from the Andean arc
is remarkable in this lowstand wedge. We there-
fore describe and discuss a major change in the

palaeogeography and tectonic evolution between
these lowstands within the Neuquén Basin, which is
important in order to understand the mechanics of
subsidence and the sedimentation control in a typi-
cal Andean retroarc basin. Finally, we discuss the
maximum depositional age obtained in the Upper
Jurassic succession and its relationship to the absol-
ute age of the Jurassic—Cretaceous boundary.

Geological and stratigraphic framework

The geological history of the Neuquén Basin is
intimately linked to the evolution of the south-
ern Central Andes and was mainly affected by
(1) changes in tectonic conditions of the proto-
Pacific margin, (2) the installation of the Juras-
sic magmatic arc, and (3) eustatic global sea-level
changes (Legarreta & Gulisano 1989; Legarreta &
Uliana 1991; Vergani et al. 1995; Ramos 1999;
Howell et al. 2005; Mpodozis & Ramos 2008).
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Additionally, it is important to point out the tectonic
control exerted by the structural fabrics of the
Palaeozoic basement (Franzese & Spalletti 2001).
Although poorly exposed, this basement largely
conditioned the evolution of the southern region
of the basin, especially along the Huincul defor-
mation zone (Vergani et al. 1995; Mosquera &
Ramos 2006; Mpodozis & Ramos 2008; Ramos
et al. 2011; Naipauer et al. 2012) (Fig. 1a, b).

The basement of the basin is composed of
three main components (Fig. 2): (1) low- to high-
grade metamorphic rocks of the Early Palaeozoic
(Piedra Santa, Guaraco Norte, and Colohuincul
formations; Cingolani et al. 2011, and references
therein); (2) volcanic and volcaniclastic rocks with
marine sediments of the Late Carboniferous (Anda-
collo Group; Llambias et al. 2007), and (3) plutonic
and volcanic rocks grouped into the Upper Palaeo-
zoic to Lower Triassic Choiyoi Group (Llambias
& Sato 2011, and references therein). These base-
ment components are mainly exposed in the Cor-
dillera del Viento range, NW of the basin and
in the western portion of the Huincul High in the
Sierra de Chachil, Sierra de Chacaico, and Cor-
don de la Piedra Santa, south of the basin (see
Fig. 1b). The Andacollo Group is only exposed on
the western side of the Cordillera del Viento range
(Fig. 1b). The basement was exhumed and eroded
during the Early Triassic extension prior to the
beginning of the filling of the Neuquén Basin; this
extension phase produced a regional erosion sur-
face on which the volcanic units of the Late Triassic
and Early Jurassic were later deposited (Llambias
et al. 2007).

During the complex tectonic evolution of the
basin, three main stages are identified, which are
also recognized in the stratigraphy (Fig. 2): the
first Late Triassic—Early Jurassic rift stage is seen
in the pre-Cuyo Cycle (e.g. Nireco, Lapa, Cordillera
del Viento, and Remoredo formations; Gulisano
1981; Franzese & Spalletti 2001; Schiuma &
Llambias 2008; Carbone et al. 2011), followed
by a long period of thermal sag (Mid Jurassic to
Early Cretaceous) comprising the Cuyo, Lotena,
Mendoza and Bajada del Agrio groups and finally
a Late Cretaceous—Cenozoic foreland stage being
included in the Neuquén and Malargiie groups
(Gulisano et al. 1984; Vergani et al. 1995; Franzese
& Spalletti 2001; Howell et al. 2005). This last
stage coincides with the beginning of the compres-
sive Andean deformation at these latitudes (Tunik
et al. 2010, and references therein).

The stratigraphy of the Neuquén Basin is com-
plex, not only because of its large regional extension
but also because of the diversity of local names.
A summary of the general stratigraphy, tectonic
evolution, biostratigraphic resolution and available
U-Pb absolute ages is shown in Figure 2. As

shown there, good biostratigraphic control is well
documented in many units of the Cuyo, Lotena
and Mendoza groups. However, it highlights the
low geochronological control that exists throughout
the whole stratigraphic column (Fig. 2).

The Mendoza Group (Stipanicic et al. 1968) rep-
resents a sedimentary cycle developed during
the sag phase (Howell et al. 2005). Sedimenta-
tion started with typical continental red facies
(Tordillo Formation), which are the subject of this
study. These sediments are covered by marine
dark shales and limestones of the Vaca Muerta
Formation (Weaver 1931), which represent a
widespread marine transgression, well documented
by ammonite faunas throughout the entire basin
(Leanza 1981; Gulisano & Gutiérrez Pleimling
1995; Vergani et al. 1995; Riccardi 2008a, b).
Finally, mixed continental and marine facies are
increasingly restricted and are included in the
Mulichinco and Agrio formations (Weaver 1931).

The base of the Mendoza Group is assigned to
the Kimmeridgian due to the stratigraphic position
of the Tordillo Formation (Fig. 2). This unit uncon-
formably overlies the Lotena Group (Leanza 1992).
In this group the La Manga Formation (Stipanicic
1966) is characterized by its poor ammonoid fauna
of mid Oxfordian age (Stipanicic 1951; Riccardi
1984, 2008a, b). Below the Lotena Group, the
Cuyo Group was developed (see Fig. 2). It is impor-
tant to point out that, in the eastern sector of the
Cordillera del Viento (Fig. 1b), a tuff layer inter-
calated in the Chacay Melehue Formation, at
the top of the Cuyo Group, yielded the ID-TIMS
(Isotope Dilution-Thermal Ionization Mass Spec-
trometry) zircon age of 164.6 + 0.2 Ma (Kamo &
Riccardi 2009). This absolute age is in agreement
with well-documented ammonoid fauna present
in the sequence, coinciding with the Bathonian—
Callovian boundary (late Mid Jurassic) (Kamo &
Riccardi 2009) (Fig. 2).

The age of the top of the Mendoza Group is well
constrained through the study of the upper Agrio
Formation. The fossiliferous content of this unit
indicates a late Hauterivian age, which was corrobo-
rated by a U-Pb absolute zircon age (SHRIMP) at
c¢. 132 Ma (Aguirre-Urreta et al. 2008). The zircons
analysed correspond to a tuff layer in the Agua de la
Mula Member, extending the age of the Mendoza
Group to the early Barremian (Early Cretaceous)
(Aguirre-Urreta et al. 2008; Aguirre-Urreta &
Rawson 2012) (Fig. 2).

The Tordillo Formation and its equivalents

Previous studies on the Tordillo Formation focused
on its lithological composition and stratigraphic
relationships (Groeber 1946; Stipanicic 1966), as
well as on its main sedimentological aspects
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Fig. 2. Tectonostratigraphic chart of the Neuquén Basin (modified from Howell er al. 2005). The table shows the
chronostratigraphy, U—Pb zircon ages (a, Tunik et al. 2010; b, Aguirre-Urreta et al. 2008; ¢, Naipauer et al. 2012;
d, Kamo & Riccardi 2009; e, Sudrez et al. 2008; f, Schiuma & Llambias 2008; g, Sato ef al. 2008; h, Ramos ez al. 2010),
biostratigraphic resolution, lithostratigraphic, tectonic setting and stratigraphic location of the studied samples.
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(Marchese 1971; Legarreta & Gulisano 1989;
Legarreta & Uliana 1999; Zavala et al. 2005;
Spalletti & Colombo Pifiol 2005; Veiga & Spalletti
2007; Spalletti er al. 2008, 2011; Lopez-Gomez
et al. 2009). Rocks of equivalent age exposed
along the Main Cordillera of Argentina and Chile
from nearly 31°S to 37°S are known as the Rio
Damas Formation (Vicente 2005, 2006; Charrier
et al. 2007). South of 37°S, where the outcrops
extend eastward and become part of the Neuquén
Embayment up to c¢. 41°S (Fig. 1a) the Tordillo
Formation is composed of conglomerates, sand-
stones, shales and tuffs (Fig. 3). In the southern
and western areas of the basin, coarse facies includ-
ing conglomerates and sandstones are dominant,
while in the northern and eastern parts distal facies
predominate, where pelites, siltstones and tuffs are
common (Marchese 1971). Thickness is also var-
iable within the basin, where three main depocen-
tres have been commonly identified (Spalletti &
Colombo Pifiol 2005; Spalletti & Veiga 2007)
(Fig. 1a). The northwestern and eastern depocen-
tres (Spalletti & Colombo Pifiol 2005) are located
north of the Huincul High and separated by the
Los Chihuidos High (Ramos 1978) (Fig. 1a). The
Tordillo Formation is mostly known from outcrops
of the northwestern depocentre, whereas in the
subsurface of the Neuquén Embayment, the rocks
of the eastern depocentre are known as the Sierras
Blancas and Catriel formations (Digregorio 1972;
Spalletti & Veiga 2007; Spalletti et al. 2011).
South of the Huincul High the Kimmeridgian
deposits are located in a southwestern depocentre
and correspond to the Quebrada del Sapo Forma-
tion (Zavala et al. 2005; Spalletti & Veiga 2007)
(Fig. 1a). The maximum thickness is up to 900 m
in the northwestern depocentre, decreasing con-
siderably towards the east to 90 m on the edge
of the Los Chihuidos High, while south of the
Huincul High the thickness is less than 100 m
(Marchese 1971; Spalletti & Veiga 2007; Spalletti
et al. 2011).

The Tordillo Formation and equivalent units
display highly variable depositional systems in
the three different depocentres (Marchese 1971;
Gulisano 1988; Legarreta & Gulisano 1989; Leg-
arreta & Uliana 1999; Spalletti & Colombo Pifiol
2005; Spalletti & Veiga 2007). Ephemeral fluvial
systems and playa lakes are the main deposits in
the north (Spalletti & Colombo Pifiol 2005; Spalletti
& Veiga 2007) (Fig. 3a—e). Particularly at the top of
the Rio Neuquén and Loncopué sections, primary
deposits of tuff and volcaniclastic rocks are pre-
sent (Spalletti & Colombo Pifiol 2005) (Fig. 3f).
Proximal alluvial fan and fluvial deposits are dom-
inant in the southern sector of the northwest-
ern depocentre, for example the Rio Covunco
section (Fig. 3g). In the southwestern and eastern

depocentres, the depositional systems are character-
ized by the transition from ephemeral fluvial to
aeolian systems (Gulisano 1988; Zavala et al
2005; Veiga & Spalletti 2007) (Fig. 3h).

The Kimmeridgian to earliest Tithonian age of
these deposits was historically constrained by their
stratigraphic position due to the lack of fossils
with biostratigraphic value and radiometric dates.
They rest on an angular unconformity with the
Lotena Group (Callovian—Oxfordian) and are con-
cordant with, and transitional to, the Vaca Muerta
Formation. The age of the latter is late Early Titho-
nian to Early Valanginian based on its ammonite
faunas (Leanza 1981; Aguirre-Urreta & Rawson
1999). The first U-Pb absolute ages on detrital
zircons of the Tordillo and Quebrada del Sapo for-
mations showed that the maximum age of depo-
sition is ¢. 153 Ma (Kimmeridgian), at least for the
proximal fluvial facies from the southern sector
of the basin (Naipauer et al. 2012). These authors
mentioned, however, that it is noteworthy that
in all samples analysed a significant number of det-
rital zircon ages (c. 145 Ma) are younger than the
currently accepted age for the Kimmeridgian/
Tithonian boundary.

Provenance data background

The Neuquén Basin is bounded to the NE and SW
by the San Rafael Block and the Somin Cura
Massif, respectively, and its western margin is
defined by an almost continuous Andean volcanic
arc (Digregorio et al. 1984) (Fig. 1a). Previous pro-
venance studies in the Tordillo Formation con-
cluded that the main source of sediment supply
comprised basic to acid volcanic rocks (Marchese
1971; Gulisano 1988; Mescua et al. 2008; Spalletti
et al. 2008). Gulisano (1988) was the first to
suggest that the source area of clastic, pyroclastic
and volcanic material was the Andean magmatic
arc. Direct evidence of the activity of this arc is
observed in the Rio Damas Formation, where ande-
sitic volcanic rocks are interlayered in the clastic
sequence (Charrier et al. 2007). The petrographic
and geochemical studies agree with an Andean arc
source, but provenance from basement acid vol-
canics of the Choiyoi Group was also identified
(Mescua et al. 2008; Spalletti et al. 2008).

As well as the significant volcanic component,
igneous—metamorphic rocks are also represented
in a lesser proportion. U-Pb ages on detrital zir-
cons, separated from conglomerates from the
southern region of the basin, indicate a dominant
contribution from the Andean Jurassic arc with
ages between c. 178 and 153 Ma and from synrift
Late Triassic volcanism between 220-200 Ma.
They also show an input from Upper Permian
(280-260 Ma) and Upper Devonian (c. 360 Ma)
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sources of igneous—metamorphic basement (Nai-
pauer et al. 2012).

Samples and analytical methods

The analysed samples were taken from different
localities within the Tordillo Formation with well-
known stratigraphic control. The samples are dis-
tributed along the western part of the Neuquén
Basin (Fig. 1b). The provenance analysis included
detailed petrographic studies and zircon mor-
phology analyses to define the main populations
in conjunction with U-Pb geochronological ages
(LAM-MC-ICP-MS).

Petrographic studies were performed on sam-
ples of sandstone and conglomerate matrix from
six classic profiles of the basin. Detailed strat-
igraphic columns and sedimentological aspects
have been surveyed previously (see Gulisano 1988;
Gulisano & Gutiérrez Preimling 1995; Spalletti &
Colombo Piiiol 2005; Zavala et al. 2005; Veiga &
Spalletti 2007; Spalletti & Veiga 2007). The sam-
ples in the northwestern depocentre were taken
from the classic sections: (1) Loncopué, TOR-01,
TOR-02 and TOR-03; (2) Rio Neuquén, TOR-04
and TOR-05; (3) Pampa Tril, TOR-06; and (4)
Arroyo Covunco, TOR-07 (Fig. 1b). For the south-
western depocentre, the samples correspond to the
following profiles: (5) Rio Picin Leufd, TOR-08
and TOR-09 and (6) Fortin Primero de Mayo,
TOR-10 (Fig. 1b). The sandstones were petrogra-
phically classified according to the diagram
of Folk et al. (1970), and were also plotted in the
provenance diagram of Dickinson et al. (1983).
The petrography was also used to select samples
for U-Pb dating.

We analysed the U-Pb (LAM-MC-ICP-MS)
ages of three samples (TOR-03, TOR-05 and
TOR-06) of the Tordillo Formation from the north-
western depocentre. These results are compared
with data from the southern region (samples TOR-
07, TOR-09 and TOR-10; Naipauer et al. 2012).
The analysed samples correspond to a fine-grained
red sandstone located at the base of the Loncopué
profile (TOR-03; Fig. 4a), a fine-grained green vol-
caniclastic sandstone from the top of the Rio
Neuquén profile (TOR-05; Fig. 4b) and a green silt-
stone at the top the Pampa Tril profile (TOR-06;

Fig. 4b). The total results complete a set of >>’U—
Pb concordant ages of detrital zircons.

For U-Pb LAM-MC-ICP-MS zircon analyses,
5 kg of each rock sample were crushed. They were
then powdered and sieved to fractions between
75 and 212 pm. Heavy mineral concentrates were
obtained by panning and were subsequently puri-
fied by an electromagnetic (Frantz) method to
eliminate only the highly magnetic fraction.
Zircon grains were selected and set in epoxy resin
mounts. The mount surface was then polished to
expose the grain interiors. Backscattered electron
(BSE) images of zircons were obtained using an
SEM (Scanning Electron Microscope) JEOL JSM
5800 at Universidade Federal do Rio Grande do
Sul (UFRGS), Brazil. The U-Pb LAM-MC-ICP-
MS zircon analyses were carried out using a Finni-
gan Neptune coupled to a UP-213nm Nd-YAG
laser ablation system (New Wave Research, USA)
installed in the Isotope Geology Laboratory of the
Geoscience Institute of UFRGS.

The analyses were performed as a single spot of
30 wm using the following laser parameters: rep-
etition rate of 10 Hz, energy of 0.5-1.1 mJ cm™ 2,
40s ablation time and 1s integration time.
Faraday cup configuration of the MC-ICP-MS was
208pp, 232Th and 238U, and ion counters on cup L4
with 29%Hg, 2**Pb, 2°°Pb and **’Pb. Main gas flow
was 151/min Ar, auxiliary gas flow 0.81 m
while the sample was carried with 0.751/min Ar
plus 0.421/min He. Unknown analyses were
bracketed for internal instrumental fractionation
control and mass bias following the Albarede
et al. (2004) method by measurements of the inter-
national standard GJ-1 (Jackson et al. 2004) and
blanks at every set of four zircon spots.

The raw data were reduced using an Excel
worksheet (Buhn et al. 2009). The “*°Pb—>**U
ratio was recalculated using the linear regression
method of Kosler et al. (2002) when laser frac-
tionation correction was necessary. The 2**Pb
(common lead) interference and background was
observed using ***Hg and (***Hg + 2°“Pb) masses
during analyses. The analysed grains have low com-
mon lead, and the usual 204ph correction using
the Stacey & Kramers (1975) model was not nec-
essary. Corrected 2°°Pb/?*’Pb and *°°Pb—>*%U
ratios were shifted into absolute age data using
ISOPLOT/Ex (Ludwig 2003). The probability

Fig. 3. (a—g) Photographs of the Tordillo Formation, some of which are the localities of the U-Pb samples. (a, b) Red
fluvial deposits at Loncopué, a fine red sandstone located at the base of the profile was sampled from U-Pb analysis
(sample TOR-03). (c, d) Overview of the deposits and the fine green volcaniclastic sandstone from the top of the Rio
Neuquén profile (TOR-05). (e, f) View in detail of the transitional contact between Tordillo and Vaca Muerta formations
in the Pampa Tril area; see the sample locality at the top the Pampa Tril profile (sample TOR-6). (g) Fine-grained
conglomerate and sandstone levels at the Arroyo Covunco locality (sample TOR-07). (h) Aeolian deposits of the
Quebrada del Sapo Formation at Arroyo Picin Leufd, southwestern depocentre.
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diagrams were constructed using the same software.
The reported errors were propagated by quadratic
addition of external reproducibility and within-run
precision.

Results
Sandstone petrography provenance

The samples were studied under a polarized micro-
scope and classified following the scheme of Dott
(1964) separating sandstones and wackes (TOR-01
and TOR-06). The sandstones are poorly sorted and
most of the detrital fragments are sub-angulose,
although some subrounded clasts are also ident-
ified (Fig. 5). There are shards and pumice frag-
ments immersed in a carbonate cement (TOR-02;
Fig. 5b). Other types of cements are argillaceous
and zeolitic.

The Gazzi—Dickinson method was used for the
provenance studies as suggested by Zuffa (1985).
Some samples were discarded due to their fine grain
size (TOR-02, TOR-04 and TOR-08). Depending on
the size of the thin section, 400 or 500 points were
counted. The five analysed samples were classified
as lithoarenite (n = 1) QI15F14L71 and feldspatic
lithoarenites (n = 4) Q20F30L50 after Folk et al.
(1970) (Fig. 6).

The sandstones are classified in order of abun-
dance of lithic fragments, feldspar and quartz.
The monocrystalline quartz (Fig. 5c) is more abun-
dant than the polycrystalline in samples TOR-03,
TOR-05 and TOR-07. In samples TOR-09 and
TOR-10 the relation is reversed; the polycrystal-
line quartz is more abundant than the monocrystal-
line. The relative abundances of plagioclase and
K-feldspar are variable. In general, plagioclase is
more abundant, but in sample TOR-09 the relation-
ship is inverted. This can be explained by the large
amount of plutonic rock fragments and meta-
morphic lithic fragments (Fig. 5a).

The analyses of the rock fragments indicate that
volcanic rocks are dominant (Fig. Se). However,
the composition of the rock fragments in the south-
western and northwestern depocentres is quite diffe-
rent. In the SW, the plutonic and metamorphic rock
fragments (Fig. 5c) are remarkable, whereas in the
NW, sedimentary rock and angular quartz frag-
ments are abundant (Fig. 5d). The presence of
altered lithic fragments (Fig. 5f') and pseudomatrix
is common in the northwestern samples and absent
or very rare in the samples from the SW.

Zircon morphology analysis

The zircons were separated by conventional tech-
niques and their external morphologies were studied
under a binocular microscope. For each sample,

the main zircon populations were recognized and
described according to their shape, colour, size,
inclusions and fractures.

Sample TOR-03. The zircon crystals belong to the
size fraction of <150 pm. The predominant
morphological features are prismatic habit and sub-
rounded to subidiomorphic form (P1). Many cry-
stals are characterized by their elongation (>5:1)
and represent c. 20% of the total grains (P2). They
are mostly transparent or have a yellow colour. A
third population (P3) is represented by a few
crystals that have rounded form. In general, the
zircons investigated have few inclusions and frac-
tures (Fig. 7a).

Sample TOR-06. The small numbers of grains separ-
ated are smaller than 100 wm. The largest popula-
tion of zircons (P1) is characterized by crystals
with short prismatic habit, although some zircon
grains forming long prisms (P2) are also present.
The forms are subrounded and subidiomorphic,
although a few crystals have idiomorphic form and
some of them present bipyramidal crystal forms.
They are transparent and have some inclusions. Some
less abundant crystals are rounded (P3) (Fig. 7b).

Sample TOR-05. Two groups of zircons with differ-
ent sizes are recognized. Crystals forming popu-
lation P1 are the most abundant grains and are
smaller than 100 wm, with short prismatic habit
(elongation <3:1) and subrounded to rounded
form. Few crystals were observed with subidio-
morphic forms. They are mostly transparent. Some
are yellow in colour, with inclusions, and many are
broken. The second group (P2) is characterized by
grain size larger than 200 pm; the crystals have
subrounded to subidiomorphic form. Some have a
short prismatic habit, but others have a long pris-
matic habit and are broken. They are mostly trans-
parent and there are some grains with a pink colour.
Inclusions were observed in several grains (Fig. 7c).

U-Pb data

The U-Pb geochronological analysis of detrital
zircon grains is a powerful tool with which to
obtain valuable information on the provenance and
maximum age of sedimentary deposition (Mueller
et al. 1994; Morton & Hallsworth 1999; Fedo
et al. 2003; Bahlburg et al. 2009; Dickinson &
Gehrels 2009; Bahlburg et al. 2010). A fraction
of zircon crystals were randomly separated and
mounted in epoxy sections. The minerals were
then analysed using the U-Pb method (LAM-MC-
ICP-MS) to obtain absolute ages.

In sample TOR-03, a total of 44 zircon grains
were analysed, but eight analyses were rejected
because of high discordance (Fig. 8a). The spectra
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Fig. 5. Photomicrographs of the Tordillo Formation. (a) Metamorphic lithic fragments are common in the base of the
column (sample TOR-02, Loncopué section). (b) Cuspate and pumice shards (arrows) provide evidence of active
volcanism during sedimentation (sample TOR-02). (¢) Monocrystalline quartz (Qz) and sedimentary lithic fragments
(Ls and arrows) distinguish the samples from the northern depocentre from those of the southern depocentres. The
southern samples are characterized by the presence of polycrystalline quartz and plutonic lithic fragments (see fig. 8c in
Naipauer et al. 2012) (sample TOR-09, Picun Leufu section). (d) Angular quartz on the sublithic wacke (Dott 1964)
suggests a volcanic provenance (sample TOR-06, Pampa Tril section). (e) Microlithic (Mlt) and lathwork textures (Lth)
of volcanic lithic fragments suggest the provenance from the Jurassic volcanic arc, clearly different from the provenance
from the Choiyoi volcanics (see fig. 8d in Naipauer et al. 2012) (sample TOR-05, Rio Neuquén section). (f) The
presence of altered lithic fragments (Alt) is remarkable; much of them are probably of volcanic and sedimentary origin
(sample TOR-05, Rio Neuquén section).

of the 36 concordant ages are between 145 Ma and  ages at c. 684 Ma and c. 777 Ma (Fig. 9a). The inset
777 Ma. The distribution of the ages is characterized  of Figure 9a shows some BSE images of the most
by multimodal maximum peaks at c. 145, c¢. 160, typical detrital zircon populations from sample
¢. 191, ¢. 207 and c. 280 Ma. There are two isolated TOR-03.
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Fig. 6. Sandstone classification based on the scheme of
Folk et al. (1970).

A total of 36 ages were obtained from sample
TOR-06, but two grains were rejected, one
because of high discordance and another for its
high uncertainty (Fig. 8c). The concordant ages
plot between 142 and 2114 Ma but most of the
ages are Late Jurassic to Early Carboniferous. The
curve of relative probability shows several maxi-
mum peaks at c. 143, c¢. 153, c¢. 170 and c.
268 Ma, plus isolated ages at ¢. 334, c¢. 348 and c.
2114 Ma (Fig. 9b). Some BSE images of the detrital
zircons analysed are included in Figure 9b; these
show the internal structure, which is characterized
by oscillatory zoning that indicates a magmatic
origin for these grains. The idiomorphic form and
prismatic shape of the crystals may suggest a
volcanic origin.

Sample TOR-05 had 36 zircons analysed, five
of which were rejected due to high discordance
(Fig. 8e) and another due to the high uncertainty.
The remaining grains yielded 30 concordant ages
in the relatively narrow interval between 138 and
213 Ma, producing a unimodal distribution (Fig.
9c). The most important maximum peak occurs at
c¢. 144 Ma, although there are also minor peaks at
c. 170 Ma and a single age at c. 213 Ma (Fig. 9c¢).
The BSE images of the zircon grains (inset in
Fig. 9c) show faint internal structures, but oscil-
latory zoning can be recognized, so a magmatic
origin is also postulated for these grains.

Integration of the data and discussion

Source regions along the Neuquén Basin

The source regions defined by the provenance
analysis are in accordance with the sediment

transport directions as shown by palaeocurrent
studies in the basin. These are characterized by
axial systems parallel to the Andean chain with
north to NE trends (Gulisano 1988; Spalletti &
Colombo 2005; Spalletti et al. 2008). The petro-
graphic provenance studies using the Dickinson
et al. (1983) diagrams indicate that all samples
belong to the arc fields (Fig. 10a, b), which is not
surprising considering that the Tordillo Formation
was deposited near the Andean arc in a retroarc pos-
ition. However, they could also have received sedi-
ments from the pre-Cuyo Cycle volcanism and from
the Choiyoi magmatic rocks, as mentioned by Spal-
letti er al. (2008). The zircon morphology and
internal textures also indicate a magmatic origin
for the main detrital zircons for the northwestern
depocentre. The dominance of prismatic and long
prismatic crystal habits (elongation 5:1) suggests
a volcanic origin for these zircons (P1 and P2).
The absence of zircon populations characterized
by idiomorphic, multifaceted and pink coloured
grains in the northwestern depocentre is remarkable;
these kinds of grains are present in samples from
the southern part of the basin and were probably
derived from basement areas (Naipauer et al. 2012).

The summary U-Pb age probability curve for
all six analysed samples indicates that the most
important source of sediments was the Jurassic
Andean magmatic arc (Fig. 11). The maximum
peaks of zircon ages at c. 144, c. 153 and c.
178 Ma coincide with the main magmatic pulses
in the Andean arc (Castro et al. 2011, and references
therein). Also, two secondary source regions are
defined according to the maximum frequency peaks
at ¢. 218 Ma and c. 275 Ma (Fig. 11). The younger
peaks are consistent with the ages of synrift volcan-
ism represented in the pre-Cuyo Cycle, which has
ages varying between c. 182 and ¢.219 Ma (Rapela
et al. 1983; Pangaro et al. 2002; Franzese et al.
2006; Schiuma & Llambias 2008). Rocks with
these ages are well exposed along the Huincul
High and in the Cordillera del Viento. The Late
Palaeozoic peaks are consistent with the c. 258
and c. 286 Ma Choiyoi magmatic province (Llam-
bias & Sato 2011, and references therein). These
rocks form the core of large basement anticlines in
the Huincul High and the Cordillera del Viento,
but they are also exposed in the San Rafael Block,
in the northeastern margin of the basin (Fig. la,
b). The smaller amount of ages from the Early
Palacozoic and many minor Precambrian ages
might represent evidence of metamorphic basement
sources at the western margin of the basin (Fig. 1b).
In the southern part, this basement is extensively
exposed and corresponds to the Piedra Santa For-
mation (Franzese 1995) with detrital zircon ages
of c. 364 Ma (Ramos et al. 2010). Alternatively,
the Colohuincul Complex may also be mentioned
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Fig. 7. Stereo microscope images of the zircons in the studied samples: (a) TOR-03, (b) TOR-06 and (¢) TOR-05.

(Lucassen et al. 2004). To the north, in the Cor-
dillera del Viento, there is also a small outcrop of
metamorphic basement known as the Guaraco
Norte Formation (Zappettini et al. 1987) that
could have acted as a source region at this lati-
tude (Figs 1b & 2). Further outcrops of the

metamorphic basements grouped in the Huechu-
laufquen Formations are discontinuously exposed
along the Patagonian Cordillera (Pankhurst e al.
2006; Ramos 2008).

To the SE of the basin, Palaeozoic, Triassic
and Lower Jurassic magmatic rocks are widely
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Fig. 8. U-Pb concordia plots: (a, b) TOR-05, (¢, d) TOR-06, (e, f) TOR-03. The detrital zircon ages shown in the
concordia plots are the concordant ages (in green) and discordant ages (in red) discussed in the text. For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.

exposed in the Somiin Curd Massif (Cingolani e al.  have interpreted that the detrital influx in the
1991; Rapela et al. 1991, 2005; Varela e al. 2005;  southwestern depocentre was supplied by this
Pankhurst er al. 2006) (Fig. 1a). Several authors region (Spalletti & Veiga 2007; Veiga & Spalletti
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Fig. 10. Provenance data from petrography of the Tordillo Formation using the schemes of Dickinson et al. (1983):
(a) quartz, feldspar and lithic fragments (Q, F, L); (b) monocrystalline quartz, feldspar, total lithic grains (Qm, F, Lt).

2007). However, palacocurrent measurements in the
southwestern depocentre indicate an orientation of
drainage opposed to the Somin Cura Massif
(Zavala et al. 2005). Consequently, the source
region of detrital material supplied should be the
Huincul High. This basement high might also have
acted as a barrier to sediment provenance from
further south (Naipauer et al. 2012).

Regional and temporal changes in the
sedimentary provenance of the Tordillo
Formation

Detailed analysis of the sandstone petrography
and patterns of the detrital zircon ages suggests imp-
ortant regional and temporal changes in the sedi-
mentary provenance for the Tordillo Formation.

Andean Choiyoi Metamorphic
magmatic Group- basements
magmatism
|
1001 Six samples (N=237)
Tordillo and Quebrada
del Sapo Formations
80 1 (E
o
z
60 - -
o
5
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0 _——
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Fig. 11. Summary of the U-Pb zircon ages for all the samples analysed in the Tordillo Formation: TOR-03, TOR-05,
TOR-06, TOR-07, TOR-09 and TOR-10. Within the main peaks of ages, the possible source areas are interpreted.
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From an initial examination, two different source
areas are distinguished based on the amount of
polycrystalline quartz and differences in the lithic
composition. The samples from the southwestern
depocentre have higher amounts of polycrystal-
line quartz, probably related to the presence of a
metamorphic source. This metamorphic source is
also seen in the detailed composition of the rock
fragment framework. On the other hand, samples
from the northwestern depocentre contain a large
amount of monocrystalline quartz together with
the larger amount of sedimentary and altered rock
fragments. Although the proportion and compo-
sition of volcanic lithic fragments are similar in
both depocentres, it is clear that in the southwest-
ern depocentre the presence of metamorphic and
vitric volcanic rock fragments indicates sources
within the Huincul High or from the Patagonian
Cordillera.

Analysing separately the volcanic lithic frag-
ments in both depocentres, it becomes clear that
there is a change in the proportion of acid v. basic
textures, the acid textures (granular and seriate)
being more common at the base of the unit and the
basic textures (microlithic and lathwork) more
common at the top. This temporal variation could
be interpreted as a change of the volcanic rock
source from the Choiyoi magmatic province at the
base to the Andean magmatic arc at the top. If we
analyse the southwestern depocentre, the prove-
nance changes from a dissected to an undissected
arc (Fig. 10b). Analysing the northwestern depocen-
tre, a similar pattern is observed, with sources of
sediments changing from a dissected to a transi-
tional arc (Fig. 10b).

The detailed analyses of the patterns of the
detrital zircon ages are consistent with petro-
graphic studies. Samples TOR-03, TOR-07 and
TOR-09 taken from the base of the sequence are
characterized by the predominance of Carbon-
iferous to Early Jurassic zircon ages, representing
more than 50% of the total number of grains for
each sample (Fig. 12). The Late Triassic to Early
Jurassic ages (pre-Cuyo Cycle) are represented by
40% of the zircon grains, and the relative abun-
dances of the less frequent Late Palaeozoic ages
(Choiyoi Group) are between 14 and 36%. The Pre-
cambrian to Early Palaeozoic ages (<11%) indicate
less important metamorphic sources (Fig. 12).
These samples also have Middle to Upper Jurassic
detrital zircon grains with abundance of less than
40%. Samples from the top of the sequence have a
predominance of zircon ages from the Mid to
Early Jurassic (TOR-06, 62%; TOR-05, 97%), and
the older ages that characterize the basal units
disappear (Fig. 12). This temporal variation in the
provenance of the detrital zircons suggests that, at
the beginning of the sedimentation, Carboniferous

to Lower Jurassic magmatic rocks and minor
Precambrian to Lower Palaecozoic metamorphic
areas were the most important sources. Towards
the top of the sequence the basement rocks seem
to have been eroded or were covered, while the
Andean magmatic arc becomes much more impor-
tant, predominating as the main source region
(Fig. 12).

There are also some variations in the provenance
patterns according to sample location (Fig. 12). In
the northwestern depocentre (samples TOR-03,
TOR-05, TOR-6 and TOR-07) the Andean arc
sources are predominant, while in the southwestern
depocentre (samples TOR-09 and TOR-10) base-
ment sources (pre-Cuyo Cycle, Choiyoi Group and
metamorphic complexes) are more prominent, but
there are also maximum peaks indicating sources
in the Andean arc (Fig. 12). The complete U-Pb
dataset confirms the relevance of the Huincul defor-
mation zone as a positive topographic region in the
southern part of the basin, which acted as a source
area during the Late Jurassic and also divided the
Neuquén Basin into two depocentres (Naipauer
et al. 2012).

Changes in the provenance patterns
and the tectonic evolution of the
Neuquén Basin

Several second-order lowstand wedges were recog-
nized in the Neuquén Basin during the retroarc
stage (Jurassic to Early Cretaceous) (Howell et al.
2005; Spalletti & Veiga 2007). The patterns of
detrital zircon ages in the Kimmeridgian (Tordillo
Formation) and the Hauterivian (Avilé Member
of the Agrio Formation; Fig. 2) lowstands show
significant differences. These are shown by the vari-
ations in the relative frequency peaks corresponding
to maximum contributions from the Andean mag-
matic arc, from the basements of the basin or from
the eastern foreland regions (Fig. 13).

A lowstand wedge is developed during the Late
Jurassic in the Kimmeridgian to early Tithonian,
represented by the Tordillo Formation (Spalletti &
Veiga 2007). This stage is characterized by detrital
zircon supply from the Andean magmatic arc,
which is coeval or a little older than the sedimen-
tation. Local variations in the patterns of detrital
zircon ages occur principally at the beginning of
sedimentation and in the Huincul deformation
zone south of the basin (Fig. 11).

A major inundation of the Neuquén Basin
occurred after the Kimmeridgian lowstand wedge
that marked the beginning of the marine deposition
of the Mendoza Group (Legarreta & Uliana 1991).
However, another important lowstand wedge was
developed in the Hauterivian during the deposition
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of the Agrio Formation. This is represented by
the Avilé Member (Legarreta & Gulisano 1989;
Veiga et al. 2007, 2011). Two fluvial sandstones
at the base of this member were dated by U-Pb
SHRIMP on detrital zircons (Tunik et al. 2010);
these samples were taken in Tricao Malal and
Pichaihue in the western central part of the basin
(Fig. 13), where fluvial depositional systems domi-
nate (Veiga et al. 2011). Detrital zircons from
this member show a significant change in the age
pattern in comparison with the Tordillo Formation.
The Hauterivian lowstand wedge has a decrease in
the relative abundance of the Late Jurassic and
Cretaceous zircon ages, as well as an increase in
the abundance of the older ages (Tunik et al

2010). The prominent age peaks show provenance
from the synrift volcanism (pre-Cuyo Cycle), from
the basement of the basin (Choiyoi Group) and
from the eastern foreland cratonic region (Grenvil-
lian, Pampean and Famatinian magmatic arcs)
(Fig. 13). This provenance pattern is probably
linked with the growth of topographic barriers
such as the Huincul High in the south or the Cordil-
lera del Viento range in the NW. Although there
are no Late Jurassic and Early Cretaceous detrital
zircon ages in the Avilé Member, petrographic
studies have demonstrated that the magmatic arc
supplied volcanic material into the basin during
the Early Cretaceous (Eppinger & Rosenfeld
1996). This source is only detected in the fall tuff
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Fig. 13. Summary of the U-Pb zircon ages for all the samples from the Tordillo Formation and the Avilé Member of the
Agrio Formation with the Kimmeridgian and Hauterivian lowstand wedges palacogeography in the Neuquén Basin.
Note the potential source areas for the basin: a western magmatic arc and emerged areas along the east—west oriented
Huincul deformational zone as well as northeastern and southeastern basement margins.

layers of the Agrio Formation (Aguirre-Urreta et al.  Maximum depositional and minimum

2008). Consequently, the present data suggest that
the major changes in the patterns of detrital zircon

biostratigraphic ages

ages during the Late Jurassic and Early Cretaceous  The youngest U-Pb ages of detrital zircons are
possibly reflect global sea-level changes and could commonly used to constrain the maximum deposi-
also be a result of positive topographic sediment tional ages of Precambrian and metamorphic sedi-
barriers. mentary rocks where the fossiliferous content is

Our zircon data confirm previous studies by inconclusive (Fedo et al. 2003). It is also used in
Legarreta & Uliana (1991) for the Kimmeridgian unfossiliferous Palaeozoic, Mesozoic and Ceno-
lowstand wedge. They interpreted that the arc zoic sequences. Dickinson & Gehrels (2009) have
played a considerable role as a source region proposed and discussed four alternative mea-
during sea-level lowstands, but this has not been sures to constrain the maximum depositional age
recognized in the less significant Hauterivian low- using thousands of U-Pb data from Mesozoic
stand wedge where the foreland cratonic area sedimentary units with biostratigraphic age con-
acted as the main source region. trol. We discuss our data in terms of the two most
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statistically robust alternatives proposed by these
authors.

One of the measures of the maximum deposi-
tional age is the youngest single grain age, although
this age might be altered due to Pb loss (Dickinson
& Gehrels 2009). In the analysed samples, the
youngest single grain ages are 145.2 Ma (TOR-
03), 142.2 Ma (TOR-06) and 137.6 Ma (TOR-05).
The samples analysed from the southern part of
the basin have younger single grain ages at
c. 143.7Ma (TOR-07), 147.5 Ma (TOR-09) and
140.2 Ma (TOR-10). Therefore, there are small
variations among the analysed samples, and the
younger ages (i.e. 137.6 Ma) are probably due to
Pb loss, because their discordances are slightly
higher (see tables in the Supplementary Material).

The second most statistically robust approach is
to considerer the youngest graphical age peak as the
most reliable maximum age (Dickinson & Gehrels
2009), which in the Tordillo Formation is at
c. 145Ma (TOR-03), c¢. 143 Ma (TOR-06) and
c. 144 Ma (TOR-05). Samples from the southern
part of the basin have similar maximum age peaks,
but they are a little older: c¢. 144 Ma (TOR-07) for
the Tordillo Formation and c¢. 151 Ma (TOR-09)
and c¢. 150 Ma (TOR-10) for the Quebrada del
Sapo Formation. Moreover, the summary U-Pb
age probability curves for all six analysed samples
(237 concordant ages) shows a statistically robust
youngest age peak at ¢. 144 Ma (Fig. 11). This
result is in agreement with the individual youngest
graphical age peak for each sample analysed and
we consider it the most reliable value for the
maximum depositional age for the Tordillo and
Quebrada del Sapo formations.

The minimum relative age of the Tordillo
Formation is well constrained by the concordant
deposition of the overlying Vaca Muerta Formation.
The age of the base of this unit is late early Tithonian
while the top is early Valanginian, based on its
abundant ammonoid fauna and other biostrati-
graphic markers (Leanza 1981; Riccardi 2008a, b;
Leanza et al. 2012; Aguirre-Urreta et al. 2011).
According to the chronostratigraphic Mesozoic
timescale of Ogg (2004), the boundaries of the
Tithonian are, at the base, 150.8 + 4 Ma and, at
the top, 145.5 + 4 Ma (Fig. 2), the latter being the
present absolute age for the Jurassic—Cretaceous
boundary accepted by the International Commission
of Stratigraphy of the IUGS (Ogg 2004). Recent
studies by Ogg & Hinnov (2012), moved the base
of the Tithonian to an older age, and propose a
limit at 152.1 Ma. However, in the Tordillo For-
mation, the U-Pb detrital zircon ages indicate
a statistically robust measure of the maximum
depositional age at ¢. 144 Ma. This absolute age is
at least 7 Ma younger than the value in the chrono-
stratigraphic Mesozoic timescale.

It should be noted that U—Pb detrital zircon ages
separated from the Lagunillas Formation, which
is the temporal and facies equivalent to the Tordillo
Formation in the Tarapaca Basin, northern Chile,
yielded a group of younger ages between 148.5+
5.1 and 144.6 + 3.5 Ma (Oliveros et al. 2012).
Furthermore, volcanic zircons separate from ignim-
brite and tuff levels interlayered in this volcani-
clastic sequence yielded similar ages between c.
144 and 151 Ma (Labbé et al. 2012, and references
therein). This age group is the equivalent to that
found in the younger population of zircons from
the Tordillo Formation.

Moreover, south of the Neuquén Basin, between
43°S and 55°S in Chilean and Argentinian Patago-
nia, another retroarc basin known as the Austral
Basin was developed. In the northwestern region a
marine transgression started in the Tithonian until
the early Hauterivian with the deposition of volcanic
sandstone and pelitic successions with ammonoid
and bivalve faunas (De La Cruz et al. 1996). The
marine sediments cover a thick sequence of volcanic
rocks named the Ibafiez Formation from the Mid to
Late Jurassic. These volcanic rocks were recently
dated by U-Pb SHRIMP on zircons at c¢. 136—
140 Ma (Suarez et al. 2009). These ages also show
a discrepancy between the radiometric ages and
the biostratigraphy for the Late Jurassic to Early
Cretaceous in the Austral Basin. This discrepancy
seems to extend through several basins in the south-
western Andean margin.

Palfy et al. (2000) also clearly exposed the dis-
crepancies in the absolute ages for the Jurassic
stage boundaries and they presented new U-Pb
and Ar/Ar ages. The proposed upper Tithonian
boundary was at c¢. 141.8 Ma, which is more in
accordance with the ages obtained in the Tordillo
Formation from the Neuquén Basin. Geochronolo-
gical work in progress on U-Pb ages (TIMS and
SHRIMP) in zircons separated from tuffs inter-
layered in fossiliferous sequences of the Vaca
Muerta Formation will shed further light on this
discussion.

Implications

(1) The summary of U-Pb detrital zircon age
probability curves for all analysed samples
for the Tordillo Formation indicates that the
most important sediment source was the Juras-
sic Andean magmatic arc (peaks at c. 144,
c. 153 and c¢. 178 Ma). Also, two secondary
source regions are defined according to the
prominent peaks at c¢. 218 and c¢. 275 Ma,
which are consistent with ages from the
pre-Cuyo Cycle and the Choiyoi magmatic
province, respectively. Less abundant age
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groups from the Early Palaeozoic to Precam-
brian could represent evidence of meta-
morphic basement sources for the basin.
Temporal and regional changes in the prov-
enance patterns were defined in the Tordillo
Formation. The temporal variation indicates
that, at the beginning of sedimentation, Car-
boniferous to Lower Jurassic magmatic rocks
and Precambrian to Lower Palacozoic meta-
morphic basement rocks were the most impor-
tant sources of sediment supply. Towards the
top of the unit the basement rocks were
eroded and/or covered, and the Andean mag-
matic arc becomes the main source region.
Some geographic variations in the provenance
patterns throughout the basin were also inden-
tified; in the northwestern depocentre the
Jurassic arc is the predominant source, but in
the southwestern depocentre the basement
sources (pre-Cuyo Cycle, Choiyoi Group and
metamorphic complex) are the most impor-
tant, although there are also significant
zircon ages from the Late Jurassic arc. This
confirms the relevance of the Huincul defor-
mation zone as a positive element and
source region in the southern part of the
Neuquén Basin for the Jurassic.

The comparison between the provenance
patterns from the Kimmeridgian and the Hau-
terivian lowstand wedges showed that the
major changes are possibly related to global
sea-level changes and the growth of topo-
graphic barriers such as the Huincul High in
the south or the Cordillera del Viento range
in the NW. Our zircon data confirm that the
arc region played a considerable role as a
source region for the Tordillo Formation dur-
ing these sea-level lowstands. However, it is
not possible to recognize this arc source in
the smaller Hauterivian lowstand wedge.
In the Avilé Member of the Agrio Formation,
the Late Jurassic and Cretaceous zircon ages
are not present and therefore the foreland
area acted as the main source. Possibly, the
lack of the Andean detrital zircons in the
Avilé Member indicates that the volcanic arc
was retracted to the trench at this time.

The results obtained show a statistically
robust measure of the maximum deposition
age for the Tordillo Formation. We used the
youngest graphical age peak and this is
defined by a prominent peak composed of 37
concordant zircon ages at c¢. 144 Ma. This
younger age indicates a discrepancy of at
least 7 Ma with the absolute ages for the Kim-
meridgian and Tithonian boundaries from
the chronostratigraphic timescale of Ogg &
Hinnov (2012). This also raises questions

about the true absolute age of the Jurassic—
Cretaceous boundary. However, these youn-
ger ages are more in accordance with the
ages obtained by Palfy er al. (2000) where
the upper Tithonian boundary was proposed
at 141.8 Ma.
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