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The Jurassic-Cretaceous (J-K) boundary is poorly constrained, and is the only Phanerozoic system boundary that
lacks an internationally accepted reference stratigraphic section (GSSP). Precise radio-isotopic U-Pb data are
unavailable for the earliest stage of the Cretaceous— the Berriasian. The age of the Jurassic-Cretaceous boundary
was based on several assumptions, including the relative duration of ammonite zones, the constant spreading
rates of magnetic anomalies, and the extrapolation of Rb-Sr or K-Ar isotopic data. This paper discusses a site
in an Andean Basin of Western Gondwana showing the J-K boundary interval with geographically widespread

Handling Editor: M. Santosh - ' ° . ) ] 3 A -
nannofossil markers which are here uniquely combined with precise radiometric dates. The recent finding of a

Keywords: sequence of marine black shales in the High Andes of Argentina, interbedded with ash-fall tuffs, provides impor-
Nannofossils tant constraints on this boundary. This succession bears calcareous nannofossils and ammonites, which allow
Ammonites correlation with well-established Tethyan floras and faunas in the northern hemisphere. The Tithonian—
U-Pb SHRIMP Berriasian transition in the Andes was recognized on the basis of ammonite zones and nannofossil bioevents

U-Pb CA-ID-TIMS

for the first time in the southern hemisphere. The new ages obtained are 137.9 4+ 0.9 Ma by sensitive high-
Western Gondwana

resolution ion microprobe (SHRIMP), and 139.55 4 0.09/0.18 Ma by chemical-abrasion isotope-dilution thermal
ionization mass spectrometry (TIMS) near the base of the Berriasian. These new ages can be interpreted in two
different ways. The first alternative would indicate that the present geological time table is correct and the fossil
levels should be late Berriasian. The second alternative is that the J-K boundary is 5 Ma younger than the recently
published geological time scale. The authors support the last alternative and propose that the J-K boundary
should be close to 140 Ma.

© 2013 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

The Jurassic-Cretaceous (J-K) boundary as defined by the IUGS
International Commission on Stratigraphy (International Stratigraphic
Chart, 2012; see also Gradstein et al., 2012) is one of the most problematic
of all the system boundaries (Rawson, 2000; Wimbledon et al., 2011). In
particular, thin sedimentary sequences in the classical Tethys localities
of the northern Hemisphere, which contain ammonites, calcareous
nannofossils, and calpionellids, have no precise absolute geochronolog-
ical control. The age of the boundary was historically established based
on glauconite dating of sedimentary deposits (Odin, 1982), statistical
analyses, and linear interpolations of the duration of ammonite zones
with magnetic polarity chrones (Ogg, 2004). According to Palfy (1995)
a more accurate age of this boundary can be achieved only with precise
isotopic data, with statistical data analyses and interpolations being

* Corresponding author. Tel.: +54 11 4576 3400.
E-mail addresses: andes@gl.fcen.uba.ar, victor@ramos.net (V.A. Ramos).

regarded as tools of secondary importance. Later, Mahoney et al.
(2005) presented Ar-Ar dating from ocean-floor basalts, combined
with calcareous nannofossil and radiolarian biostratigraphy for the J-K
boundary. High precision U-Pb dating of volcanic tuffs intercalated
with fossiliferous sediments in Late Jurassic-Early Cretaceous sequences
is more valuable because the K-Ar system in glauconite is generally
unreliable and may yield anomalously young ages (Gradstein et al,
1994). U-Pb methods using only single-zircon analyses by CA-TIMS
dating (which must follow treatments of annealing followed by chemi-
cal abrasion) are urgently needed according to Gradstein et al. (2012).
However, up to now the recalibrated age of “°Ar-*°Ar 145.5 + 0.8 Ma
(Mahoney et al.,, 2005) has been taken as the most reliable age for the
J—Kboundary (Ogg and Hinnov, 2012).

The Mesozoic Andean ammonite fauna of Western Gondwana has
historically been correlated with typical Tethyan assemblages. In partic-
ular, the Jurassic — Early Cretaceous ammonite zonation in the Neuquén
Basin of west central Argentina, through more than a century of paleon-
tological studies, shows a correlation not only with the northern
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hemisphere but also all along the Circum-Pacific realm (Leanza, 1981;
Riccardi, 1991, 2008; Riccardi et al.,, 1992; Aguirre-Urreta et al., 2005,
2007, 2008a,b).

Besides, recent studies on calcareous nannofossils in the Neuquén
Basin (Scasso and Concheyro, 1999; Ballent et al., 2004; Bown and
Concheyro, 2004; Concheyro et al, 2007; Kietzmann et al, 2011)
allow correlations with several proposed biozonations in the northern
hemisphere (Bralower et al., 1989; Casellato, 2010; Wimbledon et al.,
2011).

The aims of this study are threefold: 1) to present an ammonite and
nannofossil biostratigraphic zonation of the Late Tithonian-Early
Berriasian in the Neuquén Basin; 2) to date an ash-fall tuff layer associ-
ated with this marine sequence using SHRIMP and CA-ID-TIMS U-Pb
dating in zircons; and 3) to propose a numerical age of the ]-K boundary
from the High Andes based on these high precision dates combined
with LAM-MC-ICP-MS U-Pb detrital zircon ages of underlying conti-
nental deposits.

2. Geological setting

The Neuquén Basin is located in the foothills of the Andes as a
retroarc basin developed in a normal subduction segment (Jordan
et al,, 1983). As such it has an almost continuous record of volcanic
activity, which is associated with more than 6000 m of sediments
whose complex depositional history was mainly controlled by changing
tectonic regimes along the western margin of Gondwana (Ramos and
Folguera, 2005). The Mesozoic stratigraphy has been established through
a series of classic studies, beginning in the 19th century, and numerous
subsequent contributions that made the Neuquén Basin one of the
best known Andean basins of South America (see Gulisano et al.,
1984; Legarreta and Uliana, 1991, 1999; Veiga et al., 2005). The abun-
dant and well preserved fossils are the subject of many monographs
and important studies on its invertebrate fauna and flora (Riccardi,
1988, 1991; Aguirre-Urreta and Rawson, 1997; Bown and Concheyro,
2004; Aguirre-Urreta et al., 2005, 2011).

Our work focuses on exposures of Tithonian-Berriasian black shales
of the Vaca Muerta Formation in the Las Loicas section of the northern
Neuquén Basin, situated in the High Andes of southern Mendoza,
Argentina. In the early Tithonian, a major transgression associated
with a sea-level rise was linked to fast subsidence and strong expansion
of the marine area, which deposited the Vaca Muerta Formation
(Legarreta and Uliana, 1999). These shales are interbedded with ash-
fall tuffs, and bear ammonites and other associated fauna and calcare-
ous nannofossils. Due to the proximity to the magmatic arc located at
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that time on the Chilean slope of the Andes, tuff horizons are intercalated
with sediments for which a precise biozonation is available. This work
is part of a broad interdisciplinary program aimed at producing a
high-precision biostratigraphy and absolute geochronology for the Late
Jurassic-Early Cretaceous marine deposits of the Neuquén Basin
(Aguirre-Urreta et al., 2008b).

The Las Loicas section is exposed along a road that forks from national
road 145, from Bardas Blancas to the international border at Pehuenche
Pass. It is located near the Argentine-Chilean border, approximately
1 km to the southwest of the settlement Las Loicas, 34 km west of Bardas
Blancas (Figs. 1 and 2). The 217 m thick section of marine black shales
and mudstones of the Vaca Muerta Formation at Las Loicas spans an
interval from the upper Lower Tithonian (Virgatosphinctes mendozanus
biozone) to the Upper Berriasian (Spiticeras damesi biozone). This
succession conformably overlies a thick pile of fluvial red sandstones,
conglomerates and green siltstones of the Tordillo Formation (Spalletti
and Pifol, 2005; Veiga and Spalletti, 2007). The section is exposed on
the western flank of a gentle dipping anticline. The middle section of
the Vaca Muerta Formation is partially covered by a minor landslide.
Thus, our detailed analysis is restricted to the upper part of the section,
as shown in Fig. 3.

3. Material and methods

The Las Loicas section of the Vaca Muerta Formation was measured
bed by bed, and systematic sampling was done in order to study the
mega, micro and nannofossil contents. However, the black shales
analyzed for dinoflagellates gave negative results, probably due to
high thermal alteration related to the burial of Vaca Muerta Formation
while the limestones did not yield calpionellids, a group represented
by very few records in the basin. So, our biostratigraphic study concen-
trates in ammonites and nannofossils.

3.1. Nannofossils

Out of the 60 samples from the Las Loicas section of the Vaca Muerta
Formation that were examined for calcareous nannofossils, 45 were
fossiliferous. Samples were prepared on smear slides using standard
techniques. Systematic determinations were established by a standard
LEICA DMLP microscope, under 1000x magnification, crossed Nicols
and a gypsum plate. The range chart (Table 1) indicates the nannoflora
distribution recognized in each level; the barren samples are also
considered. The fossiliferous ones were placed in the Department of
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Fig. 1. a) Location map of the Las Loicas section in the High Andes of southern Mendoza with the main access road; b) Outline of the Neuquén Basin with main outcrops of Tithonian-Early

Cretaceous age with indication of the study area.
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Fig. 2. View of Vaca Muerta Formation in the Las Loicas section: a) location of the first occurrence of Nannoconus kamptneri minor and the base of Argentiniceras noduliferum ammonite
biozone, which were used to constrain the J-K biostratigraphic boundary in the Andes; b) location of the dated tuff.

Geological Sciences, University of Buenos Aires, under the acronym
BACF-NP 3850-3908.

3.2. Ammonites

The Vaca Muerta Formation in Las Loicas section yielded more than
450 ammonites from fifty-four levels. Most of the specimens are well
preserved as impressions, but three-dimensional casts have also been
recovered. In both taphonomic modes, ornamentation features and
mature apertural modifications, which are very helpful in identifying
sexual dimorphism, can be observed. Figured ammonoids are housed
at the Repositorio de Paleontologia del Museo de Ciencias Naturales y
Antropolégicas Juan Cornelio Moyano, Mendoza Province, Argentina,
under the numbers MCNAM-PI 24551-24557.

3.3. SHRIMP analyses

Zircon grains were analyzed at the Australian National University in
Canberra. Zircon grains were mounted in epoxy disks, polished and
studied with cathodoluminescence to determine their morphology
and internal structure. Based on the cathodoluminescence images, 24
zircon grains were selected for analysis with a SHRIMP Il ion microprobe
(Supplementary Table 1). The AS3 zircon standard (1099 Ma; 2°Pby/
238y = 0.1859) was used for calibration purposes. Data were
processed in a manner similar to that described in Williams and
Claesson (1987).

3.4. CA-ID-TIMS analyses

Single zircons were picked for chemical abrasion (Mattinson, 2005)
and combined in a quartz beaker for annealing at 900 °C for ~60 h. All
grains from a single sample were leached together in 3 ml Savillex
beakers in HF + trace HNO; for ~12 h, rinsed with water and acetone
and then placed in 6 N HCl on a hotplate at ~110 °C overnight. These
were then washed several times with water, HCl and HNOs. Single
grains were then handpicked for dissolution. Each grain was spiked
with ~0.004 g of the EARTHTIME 202Pb-2%°Pb-233U-235U tracer solu-
tion. Zircons were dissolved in ~70 pl 40% HF and trace HNOs5 in 200 pl
Savillex capsules at 210 °C for >48 h, dried and redissolved in 6 N HCl
overnight. Samples were then dried and redissolved in 3 N HCl and
put through a modified single 50 pl column anion exchange chemistry.
U and Pb were collected in the same beaker for zircon, dried with a
drop of 0.05 M H3PO,4. They were analyzed on a single outgassed Re
filament in a Si-gel emitter modified from (Gerstenberger and Haase,

1997). Measurements were performed on a Thermo-Finnigan Triton
thermal ionization mass spectrometer at the University of Geneva.

Pb was measured in dynamic mode on a modified MasCom secondary
electron multiplier (SEM). The deadtime for the SEM was determined by
periodic measurement of NBS-982 for up to 1.3 Mcps and observed to be
constant at 23.5 ns. Multiplier linearity was monitored every few days
between 1.3 x 10° and <100 cps by a combination of measurements of
NBS-981, -982 and -983 and observed to be constant if the Faraday-to-
SEM yield was kept between ~93 and 94% by adjusting the SEM voltage.
Interferences for 2°2Pb and 2°°Pb were monitored by measuring masses
201 and 203, but no corrections were applied. Mass fractionation was
corrected using the EARTHTIME 20?Pb-2%5Pb-233U-23U tracer, and
each measured ratio was corrected for fractionation in the data acquisi-
tion software using a 2°Pb/2°°Pb of 0.99989, giving an average Pb frac-
tionation of 0.13 4+ 0.04% a.m.u. (2 o standard deviations).

U was measured in static mode on Faraday cups and 10'? Q resistors
as UO7 . Baselines were measured at + 0.5 mass units for 30 s every 50
ratios. Correction for mass-fractionation for U was performed with the
double spike, assuming a sample 2*8U/?3°U ratio of 137.88. Measured
ratios were reduced using an integrated open-source software infra-
structure, interfaced with commercial mass spectrometers for read-
out and statistical filtering of the raw data (“Tripoli”), followed by a
platform allowing for data reduction, correct uncertainty propagation
and online data visualization (“U-Pb Redux”, Bowring et al., 2005;
McLean et al.,, 2011). A tracer 23°U/2%°Pb of 100.23 was used, to which
a total uncertainty of 0.1 was assigned. All common Pb found in the
analysis was considered to come from the blank, with the following
isotope composition: 2°Pb/2%Pb = 18.39 + 0.22, 207Pb/2%Pb =
15.62 + 0.20, and 2%8Pb/2**Pb = 37.62 + 0.78 (20 standard deviations)
(Supplementary Table 2).

3.5. LAM-MC-ICP-MS analyses

Heavy mineral concentrates were obtained using conventional
gravimetric and magnetic techniques; the final purification was
achieved by hand picking under a binocular microscope. Selected zircon
grains were mounted on an epoxy mount. The mount surface was then
polished to expose the grain interiors. Backscattered electron images of
zircons were obtained using an SEM JEOL JSM 5800 at Universidade
Federal do Rio Grande do Sul, Brazil, following the procedures described
in Matteini et al. (2010). Prior to LA-ICP-MS analysis, the mounts were
cleaned by carefully rinsing with dilute (2%) HNOs. Once fully dry, the
samples were mounted in a laser cell specially adapted for thick
sections, loaded into an UP 213 neodymium-doped yttrium aluminum
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Fig. 3. Upper part of the Vaca Muerta Formation at the Las Loicas section: lithostratigraphy and nannofossil and ammonite distribution. A, proposed boundary; B, calcareous nannofossil

zone and subzones after Bralower et al. (1989); C, ammonite zones after Leanza (1981).

garnet laser (y = 213 nm), and linked to a multi-collector, high-
resolution Neptune ICP-MS.

4. Results
4.1. Nannofossils

The recovered nannoflora presents low richness, moderate to poor
preservation and is mainly dominated by abundant watznauerids, such
as Watznaueria fossacincta, Watznaueria britannica, Watznaueria barnesiae,
Watznaueria ovata, Watznaueria biporta, and Cyclagelosphaera margerelii.
Other species include Nannoconus kamptneri minor, Nannoconus wintereri,
Nannoconus steinmanni minor, Manivitella pemmatoidea, Diazomatholithus

lehmannii, Biscutum constans, Umbria granulosa, Zeughrabdotus embergeri,
Zeughrabdotus erectus, Polycostella senaria, Eiffellithus primus and
Rhagodiscus asper (Fig. 4). A complete list of calcareous nannofossil
species is shown in Table 1.

Bralower et al. (1989) proposed a calcareous nannofossil zonation for
the Jurassic and Cretaceous based on southern European land sections
and the western North Atlantic, DSDP Sites 391C and 534A. In particular,
the NJK biozone straddled the Tithonian-Berriasian boundary. They
subdivided the NJK biozone into four subzones NJK-A, NJK-B, NJK-C
and NJK-D, marking their boundaries with secondary bioevents such
as the first occurrences (FADs) of Microstaurus chiastius, Umbria
granulosa granulosa, Rotellapillus laffitei and Nannoconus steinmannii
minor, respectively (see Fig. 5). These authors placed the base of the
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Table 1
Stratigraphic distribution of calcareous nannofossils of Las Loicas section and list of calcareous nannofossil species in alphabetical order by generic epithets.
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3906 Cyclagelosphaera brezae Applegate and Bergen
;ggz Cyclagelosphaera deflandrei (Manivit) Roth
3903 | X Cyclagelosphaera margerelli Noél
3902
3901 | X | X Cyclagelosphaera sp.
3900 | X . . A
3399 X Diazomatolithus lehmanii Noel
3898 Eiffellithus primus Applegate and Bergen
3897
3896 Manivitella pemmatoidea (Deflandre)
3895 . .
3894 | X Thierstein
ggg; ; ))E X X ))E ;(( X Nannoconus cornuta Deres Achéritéguy and
3891 Nannoconus kamptneri minor Bralower
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3882 X | X | X X [ X [ X X [ X X Thierstein
381X | X | X X XXX X Polycostella senaria Thierstein
3880 X | X X X [ X X
3879 X X Rhagodiscus asper (Stradner) Reinhardt
3878 X | X X | X XX ]|X
38771 X | X | X X | X X | X X Umbria granulosa Bralower and Thierstein
3876 | X X X | X[ X X[ XX X . . §
3875 [ X [ X X X X Watznaueria barnesiae (Black) Perch-
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3868 X | X X
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3860 | X [ X X | X Kaenel and Bergen
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3358 | X | X Zeugrhabdotus embergeri (Noél) Perch-
3857 Nielsen, 1984
3856 X [ X | X | X X[ XX
3855 X | X | X X Zeugrhabdotus erectus (Deflandre)
3854 | X [ X | X X X [ X
3853 | X X X X X X | X X Reinhardt, 1965
38521 X | X X X Zeugrhabdotus sp.
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E. primus

P. senaria

U. granulosa

N. wintereri N. wintereri

W. britannica W. britannica

N. steinmannii minor

B. constans

W. biporta

C. margereli

Fig. 4. Calcareous nannofossil from the Las Loicas section. All photomicrographs under crossed nicols (polarized light), white bar = 1 pm. a-b) Eiffellithus primus Applegate and Bergen.
¢) Zeugrhabdotus embergeri (Noél) Perch-Nielsen. d) Biscutum constans (Gérka) Black. e-f) Polycostella senaria Thierstein. g-h) Rhagodiscus asper (Stradner) Reinhardt. i) Umbria granulosa
Bralower and Thierstein. j) Nannoconus steinmannii minor Deres and Achéritéguy. k-1) Nannoconus kamptneri minor Bralower. m-n) Nannoconus wintereri Bralower and Thierstein.
i) Nannoconus cornuta Deres y Achéritéguy. o) Nannoconus sp. p-q) Watznaueria britannica (Stradner) Reinhardt. r) Watznaueria biporta Bukry. s) Cyclagelosphaera margerelli Noél.

Berriasian in the middle of their subzone NJK-C, which coincided with
the base of magnetochron M18, the base of the ammonoid biozone of
Berriasella jacobi and the base of the calpionellid biozone of Calpionella
alpina. Besides, Bralower et al. (1989) correlated their biozones with other
bioevents such as the FAD of Rhagosdiscus asper and Nannoconus wintereri.

More recently, Casellato (2010) proposed a new calcareous
nannofossil biostratigraphic scheme for the Tithonian-Early Berriasian

established for the Southern Alps in Northern Italy. She defined the
biozones NJT 16, NJT 17 and NKT on the basis of FAD of Helenea chiastia,
Nannoconus globulus minor and Nannoconus steinmannii minor and
placed the base of the Berriasian coinciding with the base of NKT
biozone (i.e. FAD of N. steinmannii minor).

Six calcareous nannofossil markers previously identified in Tethyan
samples (Bralower et al., 1989; Casellato, 2010) were recognized in
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Fig. 5. Correlation chart of Tithonian-Early Berriasian calcareous nannofossils biostratigraphy with bioevents recognized in the literature and in this study. In the column other authors the
numbers in brackets correspond to: 1) Thierstein, 1971; 2) Bralower et al., 1989; 3) de Kaenel and Bergen, 1996; 4) Scasso and Concheyro, 1999; 5) Bornemann et al., 2003; 6) Ballent et al.,
2004; 7) Kessel et al., 2006; 8) Concheyro et al., 2007; 9) Casellato, 2009; 10) Wimbledon et al., 2011; 11) Kietzmann et al., 2011; 12) Channell et al., 2010.

the studied section, here spanning the Late Tithonian to the Early
Berriasian (Fig. 5). Tethyan NJK zone has been established and its NJK-
A, NJK-B, NJK-C and NJK-D subzones confined to the studied interval.
The FAD of Umbria granulosa is considered the principal event of
subzone NJK-B and correlated with the uppermost Tithonian. The ap-
pearance of Rhagodiscus asper is a secondary bioevent (Casellato,
2010) and a further marker for the upper part of subzone NJK-B
(Bralower et al., 1989). Another Late Tithonian marker is the FAD of
Nannoconus wintereri, a bioevent of subzone NJK-C (Bralower et al.,
1989), and defines the base of Subzone NJT 17 b (Casellato, 2010). The
FAD of Nannoconus kamptneri minor defines the base of subzones NJK-
D (Bralower et al, 1989) and NKT (Casellato, 2010), assigned to
the Berriasian. Currently, this event is considered a reliable marker of
the Tithonian-Berriasian boundary (Michalik and Rehakova, 2011;
Wimbledon et al., 2011). Polycostella senaria constitutes an important
Late Tithonian nannofossil marker, which has previously been noted in
the Vaca Muerta Formation in the Entre Lomas area, Neuquén and Rio
Negro provinces (Ballent et al., 2004) and in the Loncoche area, Mendoza
province (Kietzmann et al., 2011). This species is very resistant to disso-
lution and its stratigraphic range is restricted to the Middle-Late
Tithonian to Early Berriasian interval. In the study section, the last occur-
rence (LOD) of Polycostella senaria and Nannoconus wintereri and the
FAD of Nannoconus steinmannii minor confirm the Berriasian age.

The base of the section, placed in the NJK-A nannofossil subzone, is
mainly composed of watznauerids. From the base of NJK-B subzone the
richness increases, spanning the NJK-C subzone. Above the J-K boundary,
in the NJK-D nannofossil subzone, nannoliths are frequent, including the
representatives P. senaria, N. kamptneri minor and N. wintereri (Fig. 5).
Higher in the section, in the NJK-D nannofossil subzone, the richness
diminishes progressively, and the association becomes extremely
poor; this subzone is represented by specimens of W. fossacincta and
W. barnesiae.

4.2. Ammonites

Six Tithonian and two Berriasian ammonite assemblage zones have
been recognized in the Las Loicas section, based on abundant material

and following the classic Andean biostratigraphic scheme (Leanza,
1981; Riccardi, 1988; Aguirre-Urreta et al., 2005) and its recent modifi-
cation (Zeiss and Leanza, 2010). The Mediterranean standard zones-
Tithonian zones after Ogg et al. (2008) and Berriasian after Reboulet
et al. (2011) — are correlated with Andean biozones as shown in Fig. 6.

Stage | AndeanZones |Tethys/Mediterranean Zones
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< | Late | Spiticeras damesi Subthurmannia boissieri
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Fig. 6. Ammonoid biostratigraphy of the Andean Region and its tentative correlation with
the Tethys/Mediterranean Region. Andean Tithonian biozonation after Zeiss and
Leanza (2010) and Riccardi (2008), Berriasian biozonation after Aguirre-Urreta
et al. (2007). Tethys/Mediterranean biozonation after Gradstein et al. (2012) and
Reboulet et al. (2011)



V.V. Vennari et al. | Gondwana Research 26 (2014) 374-385 381

Fig. 7. Ammonoids from Las Loicas Section, Mendoza, Argentina. a. Parodontoceras calistoides (Behrendsen), MCNAM-PI 24551; b. “Spiticeras” acutum Gerth MCNAM-PI 24552; c. Berriasella
subprivasensis (Krantz) MCNAM-PI 24553a; d-e. Substeueroceras striolatissimum (Steuer) MCNAM-PI 24554-24555; f. Argentiniceras noduliferum Leanza MCNAM-PI 24556; g. Cuyaniceras
transgrediens (Steuer), MCNAM-PI 24557; a-e: Substeueroceras koeneni Assemblage Zone (Uppermost Tithonian); f: Argentiniceras noduliferum Assemblage Zone (Lower-Middle
Berriasian); g: Spiticeras damesi Assemblage Zone (Upper Berriasian). Specimens covered with ammonium chloride, white bar = 1 cm.

The upper part of the section, which has been studied in detail,
focused on the identification of the three upper assemblage zones:
Substeueroceras koeneni, Argentiniceras noduliferum and Spiticeras damesi.

The Substeueroceras koeneni assemblage zone was defined by Gerth
(1921) and placed in the topmost Tithonian (Leanza, 1945) after the as-
sociation of its key fossils, S. koeneni (Steuer) and Parodontoceras
calistoides (Behrendsen), with typical Tithonian genera such as
Aspidoceras (now Schaireria) and Micracanthoceras (now Blanfordiceras
pars.). This zone includes species of Substeueroceras, Parodontoceras,
Blanfordiceras, Berriasella, Aulacosphinctes, Pectinatites (?), Himalayites,
“Spiticeras” and Schaireria. In the Las Loicas section, the zone is repre-
sented by P. calistoides (Fig. 7a), “Spiticeras” acutum Gerth (Fig. 7b),
Berriasella subprivasensis Krantz (Fig. 7c), Substeueroceras ellipsostomum

(Steuer), Substeueroceras striolatissimum (Steuer) (Fig. 7d-e), Blanfordiceras
sp. and Berriasella sp. aff. Berriasella gerthi.

The Argentiniceras noduliferum assemblage biozone was proposed
in southern Mendoza and placed in the Lower Berriasian (Leanza,
1945). It includes several species of Argentiniceras, representatives
of Groebericeras, Frenguelliceras, Berriasella, “Thurmanniceras”; and
some relictual Substeueroceras. In the studied section, this zone is repre-
sented by Argentiniceras sp. cf. Argentiniceras fasciculatum (Steuer),
A. noduliferum (Steuer) (Fig. 7f), Berriasella sp. aff. Berriasella laxicosta
(Steuer) and Substeueroceras disputabile Leanza. A few specimens that
can be assigned to Cuyaniceras transgrediens? (Steuer) of the next zone
have also been noticed. The beginning of the A. noduliferum zone is
established where the first occurrence of S. disputabile takes place. This
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species is found in close association with Argentiniceras in nearby locali-
ties in southern Mendoza (Leanza, 1945), while in the Las Loicas section,
it is documented 1.5 m below the first occurrence of Argentiniceras
representatives.

Finally, the Spiticeras damesi assemblage biozone was established by
Gerth (1921) and placed in the Upper Berriasian by Leanza (1945). It
typically includes several species of Spiticeras and Cuyaniceras, along
with representatives of Neocosmoceras, Neocomites, “Thurmanniceras”
and Blanfordiceras. In the Las Loicas section, this zone is represented
by Spiticeras (Kilianiceras) gigas? Leanza, Cuyaniceras transgrediens
(Fig. 7g) and Cuyaniceras sp.

The Substeueroceras koeneni ammonite zone, traditionally ascribed
to the late Tithonian, may reach the early Berriasian according to
Riccardi (2008, p. 332), but this proposal was based on unconvincing
evidence (Aguirre-Urreta et al., 2011). The changes in the age of the am-
monite zone, first introduced by Leanza (1996) and then adopted by
Riccardi et al. (2000) and Riccardi (2008) have been based on two mis-
conceptions: (1) that the species Schaireria longaeva (Leanza) is of
Berriasian age in Argentina; and (2) that “Spiticeras” acutum Gerth is a
probable forerunner of the Berriasian genus Groebericeras (Leanza,
1996, p. 216). The first statement is the result of a misinterpretation of
Checa (1985, p. 204) of the age of S. longaeva in the Neuquén Basin
which has been originally established as Late Tithonian by Leanza
(1945, p. 26, and associated stratigraphic chart). This mistake was
pointed out by Cant(-Chapa (2006, p. 299). The second statement
about the close phylogenetic relationship of “Spiticeras” acutum and
Groebericeras has not yet been proved and the recombination of
“Spiticeras” acutum to the Tithonian genus Proniceras is currently
under evaluation. Besides, being Groebericeras a Berriasian genus associ-
ated with Argentiniceras in the Neuquén Basin, having a forerunner of
Tithonian age would still be valid and it is not necessary to move higher
up the Substeueroceras zone.

The placement of the S. koeneni zone into the early Berriasian as
envisaged by Zeiss (1983, p. 431, 1986, p. 28) is the result of an indirect
correlation of the Argentinian Substeueroceras/Parodontoceras beds with
Mexican and Californian beds with morphologically similar fauna
where also occur calpionellids and Buchia representatives. A modern
systematic revision of this ammonite fauna has not yet been conducted
and the absence so far of calpionellids or Buchia-like bivalves in the
studied section prevents any conclusive correlation.

Finally, major advances have been made in the knowledge of the
Tithonian-Berriasian ammonites in the Andes following the work of
Aguirre-Urreta et al. (2005), based on new studies of Vennari et al.
(2012), Kietzmann and Vennari (2013), Aguirre-Urreta and Vennari
(2009), among others (see recent review of Aguirre-Urreta et al,, 2011).

In the present study, the traditional assignment of the Substeuroceras
zone to the topmost Tithonian is maintained. Yet, it should be noted that
the first occurrence of N. kamptneri minor, which defines the base of the
Berriasian, is 4.5 m below the top of the S. koeneni zone. This finding
may offer a solid argument for its extension to the earliest Berriasian,
although the extension to the early Middle Berriasian is not supported
by the available evidence.

4.3. U-Pb data

Zircons from a conspicuous 10 cm thick ash-fall tuff (Fig. 3)
interbedded with Early Berriasian ammonites bearing sediments were
dated by the U-Pb technique using SHRIMP. The dates were confirmed
by high-precision U-Pb TIMS analyses of the same zircon population.
Zircon grains comprise a homogeneous population formed by stubby
crystals with concentric zoning evidenced by cathodoluminescence
images. Most of the analyses are concordant, and the SHRIMP data
yielded a mean 2°°Pb-38U age of 137.9 & 0.9 Ma (95% confidence,
including standard calibration uncertainties) and an intercept age of
138.2 + 0.7 Ma (2 0) in the Tera-Wasserburg diagram (Fig. 8a). The
single-crystal TIMS data from 5 concordant zircon analyses yielded the
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Fig. 8. a) U-Pb SHRIMP ages of zircons from sample VM-1; b) U-Pb TIMS ages of the same
zircons; ¢) LA-MC-ICPMS ages of detrital zircons from Tordillo Formation samples. Analytical
data in supplementary information.

precise age of 139.6 4+ 0.09/0.18 Ma (including systematic errors related
to spike calibration and U-decay constant uncertainties) (Fig. 8b). The
SHRIMP mean age is somewhat younger than the TIMS age, suggesting
that chemical abrasion on the TIMS dates eliminated the effect of a
small degree of partial loss of radiogenic lead. Both dates indicate an
age between 139.6 and 138.2 Ma for the Early Berriasian in the study
section.

The provenance patterns of several sandstone samples of the
Tordillo Formation, which underlies the Vaca Muerta Formation, were
investigated along the western border of the Neuquén Basin (Fig. 8c).
Detrital zircon grains in samples from six localities distributed along
hundreds of kilometers were dated by the U-Pb technique using laser-
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ablation multi-collector inductively-coupled plasma mass spectrometry
(LA-MC-ICPMS), producing 237 concordant ages. They show a statisti-
cally robust youngest age peak at ~144 Ma (Naipauer et al., 2012, in
press). The red sandstones of the Tordillo Formation, a well studied
unit on sedimentological grounds (Spalletti and Pifiol, 2005; Veiga and
Spalletti, 2007), have traditionally been assigned to the Kimmeridgian-
Early Tithonian based on their stratigraphic position beneath the
Tithonian fossiliferous marine shales. These shales contain ammonites
of the Virgatosphinctes mendozanus biozone of late Early Tithonian
age (Leanza, 1980; Riccardi, 2008). The obtained ages place the
Kimmeridgian-Tithonian boundary at approximately 145 Ma. This
maximum age is more than 7 Ma younger than the base of the
Tithonian stage (152.1 & 0.9 Ma, Gradstein et al., 2012; International
Stratigraphic Chart, 2012), and may be even younger than the top of
the Tithonian stage.

5. Discussion and implications

The present knowledge of the biostratigraphic, chronologic, and
geologic data, together with an evaluation of the sedimentary rates in
this sector of the Andes, can be interpreted in two contrasting alterna-
tives. The first one accepts the present stage boundary age (Gradstein
et al., 2012), and evaluates the data on this framework. The second
alternative, mainly based on our local data, proposes new constraints to
the J-K boundary and suggests that an age of 140 Ma is the most appro-
priate boundary age between the Jurassic and Cretaceous.

5.1. AJ-K boundary at 145 Ma

The very precise CA-ID-TIMS age of 139.6 4+ 0.09/0.18 Ma for the
ash-bed in the Vaca Muerta Formation corresponds in the present geo-
logical time table to an early Valanginian age. The dated tuff is about
22 m above the first occurrences of Nannoconus kampteri minor and
N. steinmanni minor, two first order nannofossil markers that according
to Wimbledon et al. (2011) are used to define the base of the Berriasian.
These markers are a few meters above the first occurrence of N.
wintereri, another biomarker of the top of the Tithonian. If we assume
the Andean sedimentation rates computed in the sequence, the ash-
bed will be only 0.5 Ma above the boundary. But if we accept that
some important hiatuses may exist in this part of the Vaca Muerta
Formation, and if we used the late Tithonian sedimentation rate that
is derived entirely from the succession of nannofossil first occurrences
correlated with the Tethys, the difference could be even larger and
close to 3 Ma. In partial support of that interpretation, the ash-bed is
18 m above the top of the Substeueroceras koeneni zone. This ammonite
zone, although basically Tithonian, may reach the early Berriasian
(Riccardi, 2008; Zeiss and Leanza, 2010). This alternative required a
late Berriasian age for the dated fossiliferous level and would agree
with the present geological time scale.

The drawback of this interpretation is that the dated tuff is in the
Argentiniceras noduliferum zone and below the S. damesi zone, which
are considered early and late Berriasian in age, based on their correla-
tion with Subthurmania occitanica and S. boissieri of the Mediterranean
zones (see Fig. 6) (Aguirre-Urreta et al., 2011). The Valanginian ammo-
noids of the Neuquén Basin show strong correlations with those of the
classic Mediterranean zones; being especially important the presence
of common species of Olcostephanus, Karakaschiceras and Neohoploceras
(Aguirre-Urreta, 1998; Aguirre-Urreta et al.,, 2008a, 2011).

A late Berriasian or even early Valanginian age of the studied section
is difficult to assume because about 10 m above the dated tuff we have
found in-situ Spiticeras and Neocosmoceras of the Spiticeras damesi zone.
These late Berriasian ammonite genera are well known from the Tethys
(Djanélidzé, 1922; Mazenot, 1939; Le Hégarat, 1973). The abundance of
berrisellids in the analyzed interval of the Las Loicas section, represent-
ed by several Berriasella species and Argentiniceras (derived from
Berriasellinae, according to Wright et al, 1996), also rules out the

possibility of a Valanginian age to this assemblage. It may correspond
to the “second faunistic renovation” of Tavera et al. (1986) which
takes place after the dominance of Substeuroceras species in the prece-
dent S. koeneni zone, which has been partially correlated by Olériz and
Tavera (1989) with the final part of Durangites zone of the Mediterranean
province.

The 144 Ma age obtained by Naipauer et al. (in press) in the Tordillo
Formation, a few meters beneath the base of the Vaca Muerta Formation
would indicate, if correct, that both units should be Berriasian in age.
This assumption is in a strong discrepancy with the Tithonian age
assumed by all the paleontological studies on ammonites of this unit
(Leanza, 1980, 1981; Riccardi, 2008; Riccardi et al., 1992, 2000; Zeiss
and Leanza, 2010, among many others).

Undoubtedly, more ages near the proposed boundary are necessary
to confirm or disregard this alternative.

5.2. AJ-K boundary at 140 Ma

This alternative, which the authors favor based on the present data,
has some advantages and some minor drawbacks.

The maximum age of the Vaca Muerta Formation is constrained in
144 Ma, based on the younger frequency peak of detrital zircon dated
by U-Pb LA-MC-ICPMS of the underlying Tordillo Formation (Naipauer
et al,, in press).

The dated tuff layer is located 194 m above the base of Vaca Muerta
Formation. Based on the precise age of 139.6 + 0.2 Ma and the black
shales thickness, a maximum local sedimentation rate of 4.41 cm/ka is
obtained assuming no major hiatuses in the succession. Recently,
Kietzmann et al. (2011) presented cyclostratigraphic studies of Vaca
Muerta Formation in the Arroyo Loncoche section some 50 km north-
east of the Las Loicas. They recognized 251 elementary cycles of
about 20,000 years each for a 215 m thickness of the whole Tithonian.
Based on these data, an average sedimentation rate of 4.28 cm/ka
can be obtained, which is very close to our computed rate established
by very different premises. Assuming either sedimentation rate, and
taking in account that the dated tuff is 22.1 m above the nannofossil
biostratigraphic J-K boundary (Fig. 3), an estimated age of 140 Ma
may be proposed for the Jurassic-Cretaceous boundary in the High
Andes.

It is worth mentioning here that thicknesses of the whole Tithonian
along the foothills of the Andes in southern Mendoza vary in the plat-
form from 170 to 220 m (Gulisano and Gutiérrez Pleimling, 1994a;
Kietzmann et al., 2011), but it is even three to four times thicker
to the west and south in central Neuquén Basin where the basinal facies
can reach over 1000 m (Leanza, 1973; Leanza and Hugo, 1977; Gulisano
and Gutiérrez Pleimling, 1994b).

The main drawback for this assertion is the accepted age for the base
of the Berriasian, supported by the 145 Ma age of the Shasky Rise in the
Pacific Ocean. However, the biostratigraphic control of this level is very
poor by the present nannofossil standards, as reported by Bown (2005).
The radiometric Ar-Ar dating, even if only the best two samples were
considered, have reduced plateaux that indicate some 3°Ar recoil
(Mahoney et al., 2005). The ages of these samples are 144.8 4+ 1.2,
143.7 £ 3.0, and 142.2 4 5.3 Ma, but 145 Ma was the preferred
age as it coincides with the spreading rate assumed for this part of the
Pacific Ocean floor (Ogg and Hinnov, 2012).

A brief review of the J-K boundary history in the past 50 years
shows that this boundary has varied from 130 to 145 Ma because of
the varying assumptions used. Estimates based on K-Ar dating of glau-
conite in the earliest Cretaceous sandstones and assuming equal dura-
tion of the ammonite biozones were between 130 and 135 Ma (Odin,
1982, 1994). Estimates mainly based on the ammonite zones scaled
according to their calibration to the magnetic polarity time scale,
assuming a constant Pacific spreading rate indicate a much older
boundary at 145 Ma (Gradstein et al., 2004, 2012). Although there is
consensus that U-Pb dating of ash-fall tuffs with good biostratigraphic
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control is more reliable (Palfy, 2008), the scarcity of this type of data in
the classic Tethyan sections, where there are not tuffs, meant that pre-
cise dating of the Jurassic-Cretaceous boundary remained elusive. One
of the few contributions based on U—Pb zircon data in ash-fall tuffs
obtained an age of 137.1 4 0.6 Ma assigned to the late Berriasian for
a tuff from the Great Valley sequence of Northern California (Bralower
et al.,, 1990). The biostratigraphic control was based on the zonation of
different species of the bivalve Buchia and nannofossil markers. These
authors proposed that the J-K boundary should be at 141.5 Ma on the
basis of an assumed duration of the Berriasian. However, this high-
precision age was disregarded by other authors (Gradstein et al.,
1994), who argued that the ages of the mollusk and nannofossil assem-
blages were not sufficiently precise and reliable at that time.

The age of 137.1 4 0.6 Ma for the late Berriasian in California
(Bralower et al,, 1990) and our age of 139.6 + 0.2 Ma for the base
of the Berriasian are highly coherent. The latter makes it possible to
constrain the J-K boundary at approximately 140 Ma.

The U-Pb ages of the Tordillo Formation based on detrital zircons
may not be as accurate as the TIMS and SHRIMP data but they do
provide further constraints to the age of the basal Tithonian. The present
Kimmeridgian-Tithonian boundary has been accepted to be at
152.1 Ma, but the maximum age of the Tordillo Formation sandstones
is 144 Ma. These sandstones underlie the Vaca Muerta deposits,
where ammonites of the Virgatosphinctes mendozanus biozone are pres-
ent. The base of this zone has been correlated with the Darwini standard
zone of the Tethys (Riccardi et al,, 2000; Riccardi, 2008), which corre-
sponds to the middle part of the chron M22 (Ogg and Hinnov, 2012).
Based on this correlation, we propose that the base of the Tithonian
should be younger than 145 Ma.

Our proposed ages to the Andean J-K boundary and the base of the
Tithonian are consistent, despite the ages being obtained from two
different and independent data sets, robust U-Pb SHRIMP and TIMS
data from volcanic zircons at the base of the Berriasian and a large
database of detrital zircons (237 concordant ages) measured by LA-
MC-ICPMS for the early Tithonian. These results are also consistent
with another U-Pb SHRIMP age (132.5 4+ 1.3 Ma) obtained from an
ash-fall tuff for a well-constrained Hauterivian ammonite assemblage
of the Agrio Formation in the Neuquén Basin (Aguirre-Urreta et al.,,
2008Db).

These new data indicate that either the dated fossiliferous bed is late
Berriasian and the whole ammonite zonation should be changed, or that
the base of the Berriasian is close to 139.6 4+ 0.2 Ma. Based on the sed-
imentation rate and our confidence in the local biozones we propose a
140 Ma old J-K boundary in the Andean basins of Western Gondwana
as the best alternative. Our data also indicate that the base of the
Tithonian may be younger than 145 Ma.
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