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a b s t r a c t

A new CA-ID TIMS UePb age of 130.39 ± 0.16 Ma is presented here from the Pilmatu�e Member of the
Agrio Formation, lower Hauterivian of the Neuqu�en Basin in west-central Argentina. This high precision
radioisotopic new age, together with the two former ones from the upper Hauterivian Agua de la Mula
Member of the Agrio Formation and modern cyclostratigraphic studies in the classical sections of the
Mediterranean Province of the Tethys indicate that the Hauterivian Stage spans some 6 Ma, starting ca.
132 Ma and ending ca. 126 Ma. These radioisotopic ages are tied to ammonite biostratigraphy and
calcareous nannofossil bioevents and biozones recognized in the Neuqu�en Basin which in turn are
correlated with the Mediterranean standard zones. A new geological time scale for the Valanginian
eHauterivian stages in the Mediterranean region integrating astrochronological and radiochronological
data differs with the current official geological time scale which still maintains poorly constraint absolute
ages for the Berriasian-Aptian interval.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Up to now, the global ‘standard’ Upper Jurassic and Lower
Cretaceous stages have been based on stratigraphic sections in the
Mediterranean Province of the Tethys, and are mostly defined by
ammonite biostratigraphy and calcareous nannofossil bioevents
that have been calibrated with the M sequence of geomagnetic
polarity chrons. But the lack of precise radioisotopic ages from this
region has hindered the construction of an accurate Late Jurassic
and Early Cretaceous numerical time scale despite the efforts of the
International Commission on Stratigraphy (Cohen et al., 2013).
Since the international stratigraphic chart published by Remane
os Don Pablo Groeber (UBA-
iversitaria, Pabell�on 2, 1428,

Urreta).
(2000), each four years a new global geological time scale has
been produced (Gradstein et al., 2004, 2012, Ogg et al., 2008, 2016).
But only slights adjustments are proposed in these successive
contributions to the Late Jurassic and Early Cretaceous timescale
and the boundaries between stages and their duration remain
uncertain (including the important Jurassic/Cretaceous boundary).

Our studies in the Neuqu�en Basin in west-central Argentina are
aimed at reducing these uncertainties. Here numerous tuff bands
occur, interbedded with often richly-fossiliferous sediments.
Vennari et al. (2014) and Aguirre-Urreta et al. (2015) provided high
precision radioisotopic ageswhich are beginning to fill a gap of over
14 million years in the numerical calibration of the current global
Early Cretaceous geological time scale.

A new CA-ID TIMS UePb age of 130.39 ± 0.16 Ma is presented
here from the Pilmatu�e Member of the Agrio Formation. The
measured section is El Port�on (Fig. 1A) where a tuff layer is inter-
bedded with beds containing ammonites indicating the base of the
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Fig. 1. A. The Neuqu�en Basin in west-central Argentina with exposures of the Agrio Formation and localities cited in the text. B. Generalized stratigraphic column of the Mendoza
Group.
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Holcoptychites agrioensis subzone, Holcoptychites neuquensis zone,
of the early Hauterivian. The Neuqu�en Basin (Austral) ammonite
sequence can be correlated with that of the Mediterranean Prov-
ince of the Tethyan Realm (Reboulet et al., 2014) while two
calcareous nannofossils bioevents recognized in the section also
provide tie points with the same events recognized in the Northern
Hemisphere.

This new age, together with the two former ones provided by
Aguirre-Urreta et al. (2015) from the Neuqu�en Basin and the
cyclostratigraphic studies by Martínez et al. (2015) in the classical
sections of the Mediterranean Province of the Tethys indicate that
the Hauterivian Stage spans some 6 Myr, starting ca. 132 Ma and
ending ca. 126 Ma.

2. The Neuqu�en Basin

2.1. Geological setting

The Neuqu�en Basin is a triangular-shaped, retroarc basin,
covering more than 160,000 km2 that developed in a normal sub-
duction segment at the foothills of the Andes in west-central
Argentina (Legarreta and Uliana, 1991; Ramos, 2010) (Fig. 1A). The
complex history of the basin beganwith Triassic rift deposits during
a phase of continental extension. Afterwards, the basin was subject
to thermal subsidence and eustatic sea level changes. Marine
transgressions from the Pacific Ocean led to the deposition of a
Jurassic-Cretaceous sedimentary succession more than 7 km thick
with several petroleum source rock units and reservoir intervals
(Vergani et al., 1995). In the Late Cretaceous a change in tectonic
setting led to inversion of the basin and the formation of a fold-and-
thrust belt (Ramos, 2010). The last marine deposits in the area
(Upper Cretaceous-Paleocene) are related to a transgression from
the Atlantic Ocean. Sedimentation then continued under conti-
nental conditions, producing synorogenic Tertiary strata which in
turn are covered by widespread volcanic rocks of Tertiary or Qua-
ternary ages (Ramos and Folguera, 2005).

The infill of the Neuqu�en Basin during the Late Jurassic-Early
Cretaceous is represented by both marine and continental deposits
that are placed in the Mendoza Group (from base to top, Tordillo,
Vaca Muerta, Mulichinco/Chachao and Agrio Formations) (Groeber,
1953; Legarreta and Uliana, 1991) (Fig. 1B). Laterally continuous
outcrops and an abundant fossil record, combined with the inter-
bedded tuffs,make the basin an excellent site to carry out integrated
stratigraphical, paleontological, and radioisotopic studies.

2.2. The Agrio Formation

A transgressive phase in the late early Valanginian led to the
deposition of the shales, limestones and sandstones of the Agrio
Formation. This unit rests on the Mulichinco Formation of
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continental to coastal sandstones and shales in the northern and
southern part of the basin, and on its time equivalent sequence, the
shelf carbonates of the Chachao Formation, in the central area
(Legarreta and Uliana, 1991). The Agrio Formation is covered by the
sandstones, evaporites and limestones of the Huitrín Formation,
indicating the regression of the Pacific sea that commenced in
Barremian times (Aguirre-Urreta et al., 2008; Lazo and
Damborenea, 2011).

Weaver (1931) divided the Agrio Formation into lower and up-
per members separated by a thin but laterally persistent sandstone,
the Avil�e Member. Both the lower or Pilmatu�e Member and the
upper or Agua de la Mula Member (Leanza and Hugo, 2001) are
marine and mainly composed of massive clay shales interbedded
with thin layers of packstones, wackestones, rudstones and float-
stones. The intervening Avil�e Sandstone Member consists of some
25e40 m of yellowish brown coarse sandstones, often cross-
bedded. It is non-marine and marks a significant sea-level fall
across the basin (Gulisano and Guti�errez Pleimling, 1988; Veiga
et al., 2002). The sandstone provides an excellent marker horizon,
generally forming a distinct topographic feature.

The complete Agrio Formation, 620 m thick, was measured at
the locality El Port�on (37�110S; 69�400W) on the eastern flank of the
Pampa Tril anticline (Fig. 2). This locality is 6.5 km south from El
Port�on oil field and some 22 km southeast of Buta Ranquil along a
local dirt road. Only the Pilmatu�e Member is described below,
300 m thick, which was measured along a dry creek (Fig. 3).

The first 110 m are mostly composed of dark calcareous shales,
thinly laminated, interbedded with sparse thin limestones. Two
intervals, one at the base and other between 35 and 45 m, contain
numerous calcareous nodules and large foraminifera (Epistomina
sp.). A few, thin tuffs are also present. Between 110 and 143 m, the
number of limestones and tuffs increases, and the shales become
less conspicuous and lighter in color. A new interval of very dark,
laminated shales interbedded with thin limestones is represented
between 143 and 160 m. Two distinctive horizons contain galleries
of Thalassinoides isp. (Fig. 3). Up section to 240 m, the succession is
composed of dark calcareous shales interbedded with numerous
limestones and tuffs. The common limestones types along the
section are massive mudstones, but bioclastic mudstones are also
recognized (Fig. 3). The final 60 m of the section up to the Avil�e
Member are composed of very dark laminated shales, sparse
limestones, and an interval with calcareous nodules and numerous
thin tuffs. Besides the ammonites, two distinctive horizons with
Inoceramid bivalves were identified.

The tuff analyzed here, POT 3, is located 180 m above the base of
the section. It is a light yellowish, massive, coarse grained tuff. In
thin section altered feldspar grains and cuspate pumice shards
replaced by calcite were observed in an altered matrix (Fig. 4AeB).
Fig. 2. Panoramic view, looking east, of the Pilmatu
3. Material and methods

3.1. UePb zircon geochronology

Ash samples were collected from cleaned bedding planes to
avoid contamination with soil and surrounding sedimentary rocks.
In the laboratory, samples were prepared by conventional density
and magnetic methods. Single grain UePb dating was conducted in
the Boise State University Isotope Geology Laboratory.

The entire zircon separate was placed in a muffle furnace at
900 �C for 60 h in quartz beakers to anneal minor radiation dam-
age; annealing enhances cathodoluminescence (CL) emission
(Nasdala et al., 2002), promotes more reproducible interelement
fractionation during laser ablation inductively coupled plasma
mass spectrometry (LA-ICPMS) (Allen and Campbell, 2012), and
prepares the crystals for subsequent chemical abrasion (Mattinson,
2005). Following annealing, individual grains were hand-picked
and mounted, polished and imaged by cathodoluminescence (CL)
on a scanning electron microscope. From these compiled images,
grains with consistent and dominant CL patterns were selected for
further isotopic analysis.

UePb geochronology methods for isotope dilution thermal
ionization mass spectrometry follow those previously published
by Davydov et al. (2010) and Schmitz and Davydov (2012). Zircon
crystals were subjected to a modified version of the chemical
abrasion method of Mattinson (2005), whereby single crystal
fragments plucked from grain mounts were individually abraded
in a single step with concentrated HF at 190 �C for 12 h. All ana-
lyses were undertaken on crystals previously mounted, polished
and imaged by cathodoluminescence (CL), and selected on the
basis of zoning patterns. UePb dates and uncertainties for each
analysis were calculated using the algorithms of Schmitz and
Schoene (2007) and the U decay constants of Jaffey et al. (1971).
Uncertainties are based upon non-systematic analytical errors,
including counting statistics, instrumental fractionation, tracer
subtraction, and blank subtraction. These error estimates should
be considered when comparing our 206Pb/238U dates with those
from other laboratories that used tracer solutions calibrated
against the EARTHTIME gravimetric standards. When comparing
our dates with those derived from other decay schemes (e.g.,
40Ar/39Ar, 187Re-187Os), the uncertainties in tracer calibration
(0.03%; Condon et al., 2015; McLean et al., 2015) and U decay
constants (0.108%; Jaffey et al., 1971) should be added to the in-
ternal error in quadrature. Quoted errors for calculated weighted
means are thus of the form ±X(Y)[Z], where X is solely analytical
uncertainty, Y is the combined analytical and tracer uncertainty,
and Z is the combined analytical, tracer and 238U decay constant
uncertainty.
�e Member of the Agrio Formation at El Port�on.



Fig. 3. The Pilmatu�e Member of the Agrio Formation at El Port�on, with indication of nannofossil samples and ammonite levels.
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Fig. 4. A. The 35 cm thick POT 3 tuff interbedded with dark shales and limestones at the base of the Holcoptychites agrioensis ammonite subzone. B. Thin section of POT 3 tuff
showing altered feldspar grains and cuspate and pumice shards replaced by calcite.
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3.2. Ammonites

Ammonite specimens in this study were registered from 43
levels in the Pilmatu�e Member of the Agrio Formation at El Port�on
during several field trips. They are mostly preserved as impressions
in the limestones and only in few horizons the preservation is 3-D
within calcareous nodules. The specimens were photographed and
initial identifications were done in the field which were later
corroborated by the appropriate literature in the laboratory.
3.3. Calcareous nannofossils

Calcareous nannofossil assemblages were recovered from 43
levels in the Pilmatu�e Member of the Agrio Formation at El Port�on
(Fig. 3). The samples were prepared following the smear slide
technique of Edwards (1963). Observations and photographs were
Fig. 5. Population of zircon crystals recovered from POT3 tuff. Grains with consistent and
number coinciding with data in Table 1.
taken using a Leica DMLP polarizing microscope with increased
1000� magnification and accessories such as l 1 gypsum and blue
filter. Samples were studied qualitatively considering two long
transverses of the slide (range chart and a full list of all calcareous
nannofossil recognized are given in the supplementary material).
Calcareous nannofossils slides are stored in the �Area Paleontología,
Facultad de Ciencias Exactas y Naturales, Universidad de Buenos
Aires, under the catalog numbers BAFCeNP 3993-4033.
4. Results

4.1. Geochronology

Eight tuff samples were collected along the Pilmatu�e Member of
the Agrio Formation at El Port�on, but only one (POT 3) was suitable
for UePb dating. The other seven were discarded either because
dominant CL patterns selected for isotopic analysis are framed and numbered, each



Fig. 6. UePb CA-ID-TIMS data for chemically abraded zircons from the POT 3 tuff,
Pilmatu�e Member of the Agrio Formation (Concordia plot).
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they lacked zircons or the zircons were clearly detrital. An abun-
dant population of relatively large (approximately 100e300
micron in long dimension), elongate, prismatic zircon crystals was
separated from a hand sample of POT 3 tuff.

CL-imaging of 66 high aspect ratio zircon crystals and crystal
fragments from the POT 3 tuff sample revealed a consistent
population of moderately to brightly luminescent, oscillatory
zoned zircon. Five grains were selected for CA-TIMS analysis on
the basis of CL pattern (Fig. 5). Chemical abrasion in concentrated
HF at 190� for 12 h resulted in only moderate dissolution of the
zircon crystals. All five analyses are concordant and equivalent,
with a weighted mean 206Pb/238U date of 130.394 ± 0.037(0.074)
[0.158] Ma (MSWD ¼ 0.19), which is interpreted as dating the
eruption and deposition of this tuff (Fig. 6 and Table 1).

4.2. Biostratigraphy

4.2.1. Ammonites
The ammonites registered in the Pilmatu�eMember of the Agrio

Formation at El Port�on show only moderate preservation as im-
pressions in limestones. However, based on our previous knowl-
edge of the faunas, most of them were identified down to species
level and some are illustrated in Fig. 7. Thus, the complete zonal
succession of the late Valanginian-early Hauterivian ammonite
faunas has been established as shown in Fig. 3.

The detailed ammonite zonal scheme in the Neuqu�en Basin is
based on initial work by Aguirre-Urreta and Rawson (1997) with
several subsequent modifications which were summarized in
Aguirre-Urreta et al. (2005) and Aguirre-Urreta and Rawson
(2012). During Valanginian and Hauterivian times there were 10
significant faunal turnovers in the basin (Rawson, 2007), initially
reflecting an alternation of neocomitid and olcostephanid genera,
then of desmoceratids and finally crioceratitid forms. As happens
in NW Europe, the mid Valanginian and mid Hauterivian gener-
alized sea-level rises are linked with the main immigration hori-
zons which allow a correlation of the Austral Andean ammonites
zones and those of the Mediterranean Province of the Tethys
(Fig. 8).

The base of the Holcoptychites neuquensis zone lies close to the
base of the Hauterivian because early Holcoptychites appear very
close to early Spitidiscus species from the lowest Hauterivian in
Europe (Aguirre-Urreta and Rawson, 2003, p. 595). In addition,



Fig. 7. Field photographs of representative ammonites from the El Port�on section. A. Pseudofavrella sp. [4.5 m] B. Decliveites agrioensis [142 m]. C. Holcoptychites agrioensis [189 m]. D.
Holcoptychites magdalenae [148.5 m]. E. Hoplitocrioceras gentilii [228.5 m]. Numbers in square brackets indicate the stratigraphic position (meters from base of section) of each
specimen.
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rare Oosterella occur either side of the ValanginianeHauterivian
boundary in both areas (Aguirre-Urreta and Rawson, 2003, p. 607).
Higher up in the faunal succession Olcostephanus (Jeannoticeras)
occurs in the upper part of the Olcostephanus (Olcostephanus) lat-
icosta subzone, providing a good correlationwith the Olcostephanus
(Jeannoticeras) jeannoti subzone of the Crioceratites loryi zone
(Aguirre-Urreta and Rawson, 2001). Finally, a few specimens of
Olcostephanus (Olcostephanus) variegatus have been recovered in
the upper half of the Hoplitocrioceras giovinei subzone suggesting a
link with the O. (O.) variegatus horizon of the Lyticoceras nodoso-
plicatum zone in the upper part of the lower Hauterivian (Aguirre-
Urreta and Rawson, 2001).
4.2.2. Calcareous nannofossils
The nannofloristic assemblage recovered from the Pilmatu�e

Member of the Agrio Formation at El Port�on, is moderately pre-
served, and represented by 43 species, belonging to 19 genera:
Calculites, Cretarhabdus, Cruciellipsis, Cyclagelosphaera, Diloma,
Diazomatolithus, Eiffellithus, Helenea, Lithraphidites, Manivitella,
Micrantholithus, Nannoconus, Percivalia, Retecapsa, Rhagodiscus,
Staurolithites, Tubodiscus, Watznaueria and Zeugrhabdotus. Some
characteristic species are illustrated in Fig. 9.
Two important bioevents are recognized at El Port�on. The first is
the first occurrence (FO) of Eiffellithus striatus, which is recorded in
sample BAFC-NP 3995 (Fig. 3), at a level in the middle of the
Pseudofavrella angulatiformis ammonite subzone of Late Val-
anginian age. E. striatus occurs in numerous sections in the Neu-
qu�en Basin (Bown and Concheyro, 2004; Aguirre-Urreta et al.,
2005; Concheyro et al., 2009; Lescano and Concheyro, 2009, 2014),
generally first appearing at about the base of the P. angulatiformis
zone. It is a consistent global marker, which has been found in
several Mediterranean (France, Poland, Czech Republic) and Boreal
(England, The Netherlands) sections and in oceanic boreholes at
site 534 (Black Bahama Basin), 603 (North American margin) and
638 (Galicia margin), allowing valuable correlations (e.g. Black,
1971; Roth, 1983; Covington and Wise, 1987; Jakubowski, 1987;
Bergen, 1994; Jeremiah, 2001; Morales et al., 2015). In the
Tethyan Realm, Applegate and Bergen (1988) used the FO of Eif-
fellithus striatus as a marker for the base of CC4-A (Fig. 8). The CC3B
and CC4A boundary has been considered Late Valanginian
(Applegate and Bergen, 1988; Bergen, 1994; Gardin et al., 2000).
The FO of Eiffellithus striatus also marks a Boreal bioevent and has
been correlated with the NLK17 (Jakubowski, 1987) and BC5 (Bown,
1998) nannofossil zones of the Late Valanginian. In biostratigraphic



Fig. 8. Correlation of the late Valanginianeearly Hauterivian Austral ammonite biozones in the Neuqu�en Basin with those of the Mediterranean Province of the Tethys (slightly
modified from Reboulet et al., 2014) and the calcareous nannofossils zones and bioevents.
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schemes of the North Sea Basin the FO of Eiffellithus striatus has
been used to define the base of LK27B subzone (Jeremiah, 2001)
and recently this bioevent has also been identified in North-East
Greenland (Pauly et al. 2012). In recent geological time scales, the
FO of Eiffellithus striatus has been correlated with the base of the
Criosarasinella furcillata ammonite zone of the Mediterranean re-
gion and with Polarity Chron CM10N (Ogg and Hinnov 2012; Ogg
et al., 2016). Its FO at about the base of the angulatiformis zone in
Argentina thus supports the ammonite correlation.

Eiffellithus windii is another consistent marker in several
Tethyan and Boreal sections and oceanic boreholes, allowing
valuable correlations (e.g. Applegate and Bergen, 1988; Bergen,
1994; Bown, 1998). Its LO has been used as a bioevent for the
lower Hauterivian. In the Vocotian Basin it occurs in the Acantho-
discus radiatus ammonite zone (Bergen, 1994) close to the
Valanginian-Hauterivian boundary. However, in Boreal sections
(Bown, 1998), this bioevent has been recorded higher up in the
Endemoceras regale ammonite zone.

Particularly in El Port�on section, the second nannofossil event
recorded is the last occurrence (LO) of Eiffellithus windii, in the first
sample (BAFC-NP 4017) assigned to the Holcoptychites agrioensis
ammonite subzone, only 2.43 m above the dated tuff (Fig. 3).

The LO of Eiffellithus windii is considered a secondary bioevent
within the CC4-A nannofossils subzone. In the Neuqu�en Basin, this
bioevent has been identified in several sections and correlated with
the Holcoptychites neuquensis ammonites zone (Concheyro et al.,
2009; Lescano and Conchyero, 2014) and it is even higher at El
Port�on where it occurs at the base of the Holcoptychites agrioensis
subzone (belonging to Holcoptychites neuquensis ammonites zone).
This supports the correlation of the H. agrioensis subzone with the
upper part of the radiatus zone of the Mediterranean region.
5. Discussion

In the Neuqu�en Basin there are up to now, four CA-ID TIMS
UePb ages (Vennari et al., 2014; Aguirre-Urreta et al., 2015), one
SHRIMP UePb age (Schwarz et al., 2016) and one LA-ICP-MS UePb
age (Naipauer et al., 2015b) for the Berriasian-Hauterivian interval.
There are also several LA-ICP-MS UePb ages for the Upper Jurassic
Tordillo Formation (Naipauer et al., 2015a; Horton et al., 2016)
(Fig. 10).

Vennari et al. (2014) presented a CA-ID TIMS UePb age of
139.55 ± 0.18 Ma from a tuff interbedded with sediments carrying
ammonites of early Berriasian age in the locality Las Loicas (Fig. 1A).
The TithonianeBerriasian transition is recognized in the Vaca
Muerta Formation on the basis of ammonite zones and calcareous
nannofossil bioevents which allow correlation with well-
established Tethyan floras and faunas. Although the formal defini-
tion of the base of the Berriasian is still under consideration, those
authors proposed that the JeK boundary should be close to 140 Ma.

A similar age for that boundary is implied by Naipauer et al.'s
(2015b) analysis of the sedimentary environment, biostratigraphy
and provenance areas of the Huncal Member of the Vaca Muerta
Formation in central Neuqu�en (Fig. 1A). This sequence yields late
Berriasian ammonites and the maximum sedimentation age, based
on the youngest zircon is 138.7 ± 1.3 Ma. Both dates support the
proposals of Channell et al. (1995, 2010) to place the base of the
Berriasian at around 141Ma rather than the 145.7Ma of the current
timescale of Ogg et al. (2016).

Aguirre-Urreta et al. (2015) provided two precise CA-ID TIMS
UePb ages of 129.09 ± 0.16 Ma and 127.42 ± 0.15 Ma from two
distinct tuffs interbedded within the marine sedimentary rocks of
the Agua de la Mula Member of the Agrio Formation. Both horizons



Fig. 9. Calcareous nannofossils from the El Port�on section. Scale bar is 1 mm. A. Eiffellithus striatus (Black) Applegate and Bergen (BAFC-NP 4024) [245m]. B. Eiffellithus windiiApplegate
and Bergen (BAFC-NP 4024) [245 m]. C. Rhagodiscus asper (Stradner) Reinhardt (BAFC-NP 4026) [262 m]. D. Diloma primitiva (Worsley) Wind and Cepek (BAFC-NP 4028) [267 m]. E.
Tubodiscus jurapelagicus (Worsley) Roth (BAFC-NP 4026) [262 m]. F. Manivitella pemmatoidea (Deflandre) Thierstein (PO60, BAFC-NP 4015) [177 m]. G. Zeugrhabdotus diplogrammus
(Deflandre) Burnett. (BAFC-NP 4022) [223 m]. H. Diazomatolithus lehmanii N€oel (PO38, BAFC-NP 4006) [130 m]. I. Cyclagelosphaera margerelii N€oel (BAFC-NP 4029) [279 m]. J.
Watznaueria fossacincta (Black) Bown (BAFC-NP 3998) [50 m]. K. Cretarhabdus striatus (Stradner) Black (BAFC-NP 4001) [77 m]. L. Retecapsa surirella (Deflandre and Fert) Grün (BAFC-
NP 4026) [262 m]. M. Cruciellipsis cuvillieri (Manivit) Thierstein (BAFC-NP 4000) [65 m]. N. Micrantholithus hoschulzii (Reinhardt) Thierstein (BAFC-NP 3998) [50 m]. O. Nannoconus
circularisDeres and Ach�erit�eguy (BAFC-NP 4009) [145m]. P.Nannoconus bucheri Br€onnimann (BAFC-NP 4028) [267m]. Q.Nannoconus quadriangulus apertusDeflandre and Deflandre-
Rigaud (BAFC-NP 4028) [267 m]. R. Nannoconus truitti frequens Deres and Arch�erit�eguy (BAFC-NP 4028) [267 m]. S. Nannoconus truitti truitti Br€onimann (BAFC-NP 4029) [279 m]. T.
Nannoconus oviformis Perch-Nielsen (BAFC-NP 4028) [267 m]. Numbers in square brackets indicate the stratigraphic position (meters from base of section) of each specimen.

B. Aguirre-Urreta et al. / Cretaceous Research 75 (2017) 193e204 201



Fig. 10. UePb zircon ages obtained in the Mendoza Group, Neuqu�en Basin and the discrepancies with those ages proposed as approximate numerical boundaries in the 2016
Geological Time Scale by the ICS (modified from Vennari et al., 2014). Ages in italics indicate maximum depositional ages, ages in bold indicate UePb CA-ID-TIMS methodology, age
in normal font indicates UePb SHRIMP methodology.
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are well constrained biostratigraphically by ammonites and
calcareous nannofossils which correlate with the ‘standard’
sequence of the Tethyan Realm. The lower horizon (Caepe Malal
locality) (Fig. 1A) is very close to the base of the upper Hauterivian,
in the Spitidiscus riccardii ammonite biozone which correlates with
the lower Subsaynella sayni zone of the Mediterranean Province.
The upper horizon, in Agrio del Medio (Fig. 1A), is in the upper
Paraspiticeras groeberi ammonite biozone which is correlated with
the middle part of the Pseudothurmannia ohmi zone of the Medi-
terranean region (Reboulet et al., 2014), the highest Hauterivian
ammonite zone. These ages indicate that the base of the upper
Hauterivian lies at c. 129.5 Ma and the top at c. 127 Ma.

Schwarz et al. (2016) presented the first numerical age from the
Pilmatu�e Member of the Agrio Formation of 130.0 ± 0.8 Ma (UePb
SHRIMP on zircons), recorded in the Holcoptychites neuquensis zone
of early Hauterivian age in Mina San Eduardo (Fig. 1A). These au-
thors considered that the date fitted reasonably with the latest
proposed lower boundary of the Hauterivian at ~132.9Ma by Cohen
et al. (2013). However, they did not refer to the earlier contribution
of Martínez et al. (2015) who proposed a 131.96 ± 1.0 Ma age for the
base of the Hauterivian and a much longer duration of this period
than the one recognized in the ICS time table by Cohen et al. (2013)
(see below).

In the Mediterranean region of the Tethys, Martínez et al. (2015)
studied the GSSP candidate for the Valanginian-Hauterivian
boundary: La Charce (Vocontian Basin, SE France) and the GSSP
candidate for the Hauterivian-Barremian boundary: Río Argos
(Subbetic Domain, SE Spain). They anchored their astrochronology
data from both sections with our UePb data base (Aguirre-Urreta
et al., 2015) and proposed the base of the Valanginian at
137.05 ± 1.0 Ma, the base of the Hauterivian at 131.96 ± 1.0 Ma, and
the base of the Barremian at 126.02 ± 1.0 Ma. These data reinforce
our differences with the current official geological time scale (In-
ternational Chronostratigraphic Chart 2016/4, International Com-
mission on Stratigraphy, ICS) and the new A Concise Geological Time
Scale 2016 (Ogg et al., 2016).

It is most unfortunate that both our high precision CA-ID TIMS
UePb ages from the Neuqu�en Basin (Aguirre-Urreta et al., 2015) and
Martínez et al.'s (2015) new geological time scale for the Val-
anginianeHauterivian stages in the Mediterranean region inte-
grating astrochronological and radiochronological data were not
taken into consideration by Ogg et al. (2016). These authors
maintain the Gradstein et al. (2012) age model for the M-sequence
polarity pattern and the associated magnetostratigraphic calibra-
tions for the Late JurassiceEarly Cretaceous interval as a working
option with some slight modifications. The differences are huge,
more than 2 million years for the base of the Valanginian:
137.05 ± 1 Ma (Martínez et al., 2015) vs. 139.4 ± 0.7 Ma (Ogg et al.,
2016), nearly 3 million years for the base of the Hauterivian:
131.96 ± 1 Ma (Martínez et al., 2015) vs. 134.7 ± 0.7 Ma (Ogg et al.,
2016), and more than 4 million years for the base of the Barremian:
126.02 ± 1 Ma (Martínez et al., 2015) vs. 130.8 ± 0.5 Ma (Gradstein
et al., 2012; Ogg et al., 2016).

Ogg et al. (2016, p. 180) adopted those loosely-constrained ages,
rather than those available to them from Argentina, until the
methodological incompatibilities could be resolved “by applying
magnetostratigraphy and other verifications of the chronostrati-
graphic ages of these important Argentina and other sections”. Our
correlation between the Austral Andean ammonites with those of
the Mediterranean Province of the Tethys is robust, as accepted by
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the Kilian Group of the ICS (Reboulet et al., 2014). The same hap-
pens with the calcareous nannofossil bioevents registered both in
the Neuqu�en Basin and in the Mediterranean region (some of them
also in the Boreal Realm) (Concheyro et al., 2009; Lescano and
Concheyro, 2009, 2014; Aguirre-Urreta et al., 2015).

The present CA-ID-TIMS UePb ages further demonstrates the
great strength and full potential of the radiometric dating of sedi-
mentary successions by this methodology, which “is now the
standard treatment for UePb zircon geochronology, and by
dramatically reducing the degree of geological scatter in zircon data
sets, it is revolutionizing the resolving power and application of ID-
TIMS to geochronological problems in time scale calibration and
beyond” (Schmitz, 2012, p. 117).
6. Concluding remarks

A high precision CA-ID TIMS UePb age of 130.39 ± 0.16 Ma is
presented here from the Pilmatu�e Member of the Agrio Formation
in the Neuqu�en Basin. This absolute age is tied with ammonites and
calcareous nannofossils of early Hauterivian age. This date is
coherent with other two precise radioisotopic ages provided by
Aguirre-Urreta et al. (2015) for the Agua de la Mula Member of the
Agrio Formation of late Hauterivian age.

Martínez et al. (2015) anchored their astrochronology data from
two classic sections of the Mediterranean Province, GSSP candi-
dates for the base of the Hauterivian and the base of the Barremian,
with our UePb data base which reinforce our differences with the
2016 ICS Geological Time Scale and that of Ogg et al. (2016). They
dated the base of the Valanginian at 137.05 ± 1.0 Ma, the base of the
Hauterivian at 131.96 ± 1.0 Ma, and the base of the Barremian at
126.02 ± 1.0 Ma.

Several research projects in progress in the Neuqu�en Basin on
magnetostratigraphy, astrochronology and more CA-ID-TIMS UePb
zircon dating will provide further constraints to be taken into
consideration in the development of a more precise Early Creta-
ceous Geological Time Scale.
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