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Abstract
The first carbon and oxygen isotope curves for the Valanginian to Early Barremian (Early Cretaceous) interval obtained from outcrops in the
Southern Hemisphere are presented. They were obtained from well-dated (by ammonites) sediments from the Neuquén Basin, Argentina. Mea-
surements were acquired by the innovative method of analysing fossil oyster laminae. The occurrence of the well-established mid-Valanginian
positive carbon isotope excursion is documented, while less well-marked positive events may also correlate with peaks identified in the well-
known successions of SE France. The mid-Valanginian positive carbon isotope event in the Neuquén Basin is possibly associated with organic-
rich sediments. A similar relationship is seen in the European Alps and in oceanic cores in some areas of the world.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The Valanginian positive carbon isotope event is widely
recorded in marine carbonates and has been postulated to rep-
resent the onset of the Cretaceous greenhouse earth (Lini et al.,
1992). These greenhouse conditions have been linked to the
Paraná-Etendeka continental flood-basalts (Channell et al.,
1993; Courtillot et al., 1999; Gröcke et al., 2005) and related
carbonate-platform drowning episodes (Föllmi et al., 1994).

The initial aims of our study were: to produce the first out-
crop record of Valanginian to Early Barremian (Early Creta-
ceous) carbon and oxygen isotope curves from a Southern
Hemisphere basin (the Neuquén Basin in west-central Argen-
tina); to determine whether the widespread mid-Valanginian
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positive carbon isotope event was represented there; and to
compare changes in d13C with proxy palaeotemperatures ob-
tained from the d18O curve presented here. Whilst the first
two aims were achieved, we were unable to obtain reliable
proxy temperatures from the d18O analysis because changes
in salinity dominated the signal in our analysed material (oys-
ter shells). Instead, we have used the d18O data in combination
with palaeoecological evidence, to estimate possible water sa-
linity variation within the basin. Oxygen isotope data show
that palaeosalinity in the Neuquén Basin underwent significant
fluctuations from Early Valanginian to Early Barremian times,
with a clear tendency to increase from brachyhaline to euha-
line and roughly hyperhaline conditions (Lazo et al., in press).

Our ultimate aim was to draw attention to, and critically
examine, the linking of the mid-Valanginian carbon isotope
excursion with the supposedly contemporaneous eruption of
the Paraná-Etendeka basalts (e.g., Channell et al., 1993;
Erba et al., 2004). The Neuquén Basin is one of the marine
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basins nearest to this major volcanic province and has the best
documented Early Cretaceous records. The results are dis-
cussed below.
2. Geological setting
2.1. The Neuquén Basin
The Neuquén Basin, in west-central Argentina (32�e
40�S; Fig. 1), is a major Mesozoic to Neogene depocentre,
and is one of the few Southern Hemisphere basins to have
a good marine record from latest Jurassic to mid Early Cre-
taceous (Barremian) times. During that interval, the area
formed a back-arc basin linked to the Pacific Ocean on its
western margin through a volcanic island arc. Its deposi-
tional evolution was controlled by a combination of eustasy
and local tectonics (Legarreta and Gulisano, 1989). The de-
positional surface was generally of low gradient, causing
large embayments to form during episodes of relative sea-
level rise (Legarreta and Gulisano, 1989). The Valanginian-
Early Barremian succession is composed of siliciclastics
and carbonates of predominantly marine origin, though
some non-marine sediments also occur. Thick and laterally
continuous outcrops and an abundant fossil record make
the Neuquén Basin an excellent site for stratigraphical, pa-
laeontological and geochemical studies. Its importance is
further enhanced because the succession includes several
Fig. 1. A, The Neuquén Basin in west-central Argentina, with location of the studie

the basin during Late Valanginian times (modified from Legarreta and Uliana, 199
economically-important hydrocarbon source, seal and reser-
voir rocks (Uliana and Legarreta, 1993).
2.2. The stratigraphic succession
The samples analysed here are from three formations of the
Mendoza Group, the Vaca Muerta, Mulichinco and Agrio
formations (Fig. 2). A refined ammonite biostratigraphy indi-
cates a Tithonian to Early Barremian age (Aguirre-Urreta and
Rawson, 1997; Aguirre-Urreta et al., 2005). The Vaca Muerta
Formation (Tithonian-Lower Valanginian) is a monotonous
succession of finely-stratified black and dark grey shales and
lithographic lime-mudstones, 200e1700 m thick. It is inter-
preted as a restricted inner basin succession, deposited during
low benthic oxygen levels (Legarreta and Gulisano, 1989;
Doyle et al., 2005). The Mulichinco Formation (spanning the
Lower/Upper Valanginian boundary) comprises non-marine
conglomerates and sandstones that grade into marine sand-
stones and shales towards the north, reaching 200 m maximum
thickness. The boundary with the overlying Agrio Formation
(Upper Valanginian-Lower Barremian) is diachronous, becom-
ing younger southward and eastward. The Agrio Formation
(1600 m maximum) is divided into three members, the Pilma-
tué, Avilé and Agua de la Mula Members. The formation com-
prises mainly marine shales, sandstones and limestones, but
the Avilé Member is a thin fluvial and aeolian sandstone that
marks a mid-Hauterivian fall in sea level (e.g., Spalletti
et al., 2001; Veiga et al., 2002).
d localities Cerro La Parva and Agua de la Mula. B, Palaeogeographic map of

1).



sh sa c/l

Shale

Sandstone

Limestone

Conglomerate

Vertical scale

0

200  m

Vaca Muerta
Formation

Mulichinco
FormationM

en
do

za
G

ro
up

Agua de la 
Mula Member

Avilé Member

Pilmatué
Member

m
ti

Ag
rio

Fo
r

a
on

Tordillo
Formation

Huitrín Formation

JU
R

AS
ICS

C
C

O
U

R
ET

A
E

S
B

as
ia

n
er

ri
V

an
gi

ni
an

al
an

H
au

te
riv

i
Ba

rr.
Ti

th
on

.
Ki

m
m

.

Fig. 2. Lithostratigraphic division of the Mendoza Group.

89M.B. Aguirre-Urreta et al. / Cretaceous Research 29 (2008) 87e99
3. Material and methods
3.1. Material
Belemnites are commonly used to provide biogenic calcite
for carbon and oxygen isotope studies (e.g., Price et al., 2000;
van de Schootbrugge et al., 2000), but they are completely
missing from the Valanginian to Barremian successions of
the Neuquén Basin. Instead, we have analysed oyster-shell
material to construct an isotope stratigraphy. This is the first
time, to our knowledge, that oysters have been utilised in iso-
lation, although the isotopic composition of oysters has been
exploited for palaeoenvironmental and palaeoceanographic
studies (e.g., Jones et al., 1994; Cochran et al., 2003; Holmden
and Hudson, 2003), while Steuber and Rauch (2005) have re-
cently produced a carbon isotope curve from another bivalve
group, the rudists.

For the isotopic analysis, samples of oyster shells of 2 cm
long were collected bed by bed at Cerro La Parva and Agua
de la Mula. Oyster samples were collected in situ from 52
levels: three in the Vaca Muerta Formation, three in the Muli-
chinco Formation, and 46 in the Agrio Formation. Sampling
was subject to the presence of oysters and thus samples are un-
evenly distributed throughout the units studied. Before sam-
pling, the shell material was inspected with a hand lens and
discarded if any alteration was suspected. From several levels,
more than one sample of oyster was collected, and also each
oyster was divided into between three and six sub-samples
when processing (see below, and Tables 1e3).

The sampled oysters belong to the genera Aetostreon Bayle
and Amphidonte (Ceratostreon) Bayle of the Family Gryphaei-
dae (see Cooper, 1995). Aetostreon forms a group of very in-
equivalved, very thick-shelled oysters, whose adults were
mainly soft-bottom recliners that reached a large size (22 cm
maximum height). Aetostreon are common within the units
studied. These oysters peak in abundance in the Olcostephanus
(O.) atherstoni and ‘Neocomites’ sp. ammonite Subzones and
Crioceratites diamantensis ammonite Zone.

Amphidonte (Ceratostreon) includes a group of small oys-
ters (9 cm maximum height) with inequivalved valves and
chomata. These oysters are comma-shaped, and have a large
attachment area and conspicuous radial ribs. They commonly
encrust molluscs, corals, serpulids and carbonate concretions.
They are recorded throughout the three studied units in all
ammonite zones, and are, in fact, one of the most common bi-
valves in the Early Cretaceous of the Neuquén Basin. They
form occasional mass aggregations immersed in mud, espe-
cially within the O. (O.) atherstoni and O. (O.) laticosta
ammonite Subzones.

Both groups of oysters were collected from 52 levels rang-
ing from the Lower Valanginian to the Lower Barremian at
two different localities in the Neuquén Basin: Cerro La Parva
and Agua de la Mula (Fig. 1). Cerro La Parva is located 23 km
north-west of Chos Malal. The section is composed of the up-
per part of the Vaca Muerta Formation, the Mulichinco Forma-
tion and the lower part of the Pilmatué (formerly Lower)
Member of the Agrio Formation. Agua de la Mula (Cerro
Mula) is located 90 km south of Chos Malal, 3 km east of
the national road 40. It has excellent exposures of the top of
the Mulichinco Formation and the three members of the Agrio
Formation.
3.2. Petrography
Standard thin-sections of oysters were examined by petro-
graphic methods and cathodoluminescence (CL). Lumines-
cence signatures are caused by trace elements and provide
clues to the diagenetic history of the carbonate under study.
Chemically pure calcite normally shows blue CL, whilst
Mn2þ is the primary activator and produces yellow-red emis-
sion. The presence of large amounts of Mn in skeletal



Table 1

d13C and d18O data, Cerro La Parva, with indication of lithostratigraphical unit, sample/subsample number, ammonite zones/subzones and age

Unit Sample Subsample d13C (&) d18O (&) Ammonite zone/subzone Age

Vaca Muerta

Formation

1 a 1.81 �6.62 Lissonia riveroi zone Early Valanginian

b 1.08 �6.01 Lissonia riveroi zone Early Valanginian

c 0.54 �5.57 Lissonia riveroi zone Early Valanginian

d 1.78 �5.91 Lissonia riveroi zone Early Valanginian

e 2.43 �5.96 Lissonia riveroi zone Early Valanginian

f 1.58 �5.19 Lissonia riveroi zone Early Valanginian

g 1.07 �6.25 Lissonia riveroi zone Early Valanginian

h 1.48 �5.77 Lissonia riveroi zone Early Valanginian

4 a 2.09 �4.78 Lissonia riveroi zone Early Valanginian

b 1.82 �4.96 Lissonia riveroi zone Early Valanginian

c 1.30 �4.39 Lissonia riveroi zone Early Valanginian

d 2.17 �4.61 Lissonia riveroi zone Early Valanginian

e 1.87 �4.44 Lissonia riveroi zone Early Valanginian

f 1.71 �4.02 Lissonia riveroi zone Early Valanginian

11 a 3.02 �7.03 Lissonia riveroi zone Early Valanginian

b 2.49 �6.23 Lissonia riveroi zone Early Valanginian

Mulichinco

Formation

28 a 1.24 �5.58 Olcostephanus atherstoni subzone Early Valanginian

b 1.67 �4.91 Olcostephanus atherstoni subzone Early Valanginian

c 1.27 �5.17 Olcostephanus atherstoni subzone Early Valanginian

d 2.18 �4.47 Olcostephanus atherstoni subzone Early Valanginian

30 a1 0.71 �4.41 Olcostephanus atherstoni subzone Early Valanginian

a2 0.74 �4.28 Olcostephanus atherstoni subzone Early Valanginian

b 2.43 �3.55 Olcostephanus atherstoni subzone Early Valanginian

c 1.51 �4.48 Olcostephanus atherstoni subzone Early Valanginian

a3 0.66 �4.41 Olcostephanus atherstoni subzone Early Valanginian

d 2.44 �4.63 Olcostephanus atherstoni subzone Early Valanginian

31 a 2.80 �5.24 Olcostephanus atherstoni subzone Early Valanginian

b 3.45 �4.73 Olcostephanus atherstoni subzone Early Valanginian

c 2.78 �5.82 Olcostephanus atherstoni subzone Early Valanginian

d 2.14 �6.54 Olcostephanus atherstoni subzone Early Valanginian

Agrio Formation

e Pilmatué Member

32 a 2.75 �3.45 Olcostephanus atherstoni subzone Early Valanginian

b 2.92 �3.32 Olcostephanus atherstoni subzone Early Valanginian

c 1.48 �3.66 Olcostephanus atherstoni subzone Early Valanginian

d 2.53 �3.98 Olcostephanus atherstoni subzone Early Valanginian

33 b 2.10 �3.51 Olcostephanus atherstoni subzone Early Valanginian

c 2.09 �4.40 Olcostephanus atherstoni subzone Early Valanginian

d 2.83 �4.13 Olcostephanus atherstoni subzone Early Valanginian

e 1.66 �3.93 Olcostephanus atherstoni subzone Early Valanginian

f 2.09 �3.76 Olcostephanus atherstoni subzone Early Valanginian

f2 2.02 �3.81 Olcostephanus atherstoni subzone Early Valanginian

f3 2.20 �3.76 Olcostephanus atherstoni subzone Early Valanginian

a 1.97 �4.16 Olcostephanus atherstoni subzone Early Valanginian

37 a 1.86 �5.56 Karakaschiceras attenuatum subzone Late Valanginian

b 2.82 �4.35 Karakaschiceras attenuatum subzone Late Valanginian

c 2.81 �4.57 Karakaschiceras attenuatum subzone Late Valanginian

d 1.02 �6.45 Karakaschiceras attenuatum subzone Late Valanginian

38 a 1.66 �5.08 Karakaschiceras attenuatum subzone Late Valanginian

b 1.08 �7.31 Karakaschiceras attenuatum subzone Late Valanginian

c 2.04 �4.66 Karakaschiceras attenuatum subzone Late Valanginian

d 1.63 �6.61 Karakaschiceras attenuatum subzone Late Valanginian

e 3.13 �5.24 Karakaschiceras attenuatum subzone Late Valanginian

f1 2.88 �5.36 Karakaschiceras attenuatum subzone Late Valanginian

f2 2.87 �5.34 Karakaschiceras attenuatum subzone Late Valanginian

f3 3.08 �5.27 Karakaschiceras attenuatum subzone Late Valanginian

43 a 2.08 �3.46 Karakaschiceras attenuatum subzone Late Valanginian

b 0.89 �4.05 Karakaschiceras attenuatum subzone Late Valanginian

c 0.70 �3.36 Karakaschiceras attenuatum subzone Late Valanginian

d 1.76 �3.30 Karakaschiceras attenuatum subzone Late Valanginian

e 1.63 �5.22 Karakaschiceras attenuatum subzone Late Valanginian

f 2.12 �5.02 Karakaschiceras attenuatum subzone Late Valanginian

45 a1 2.80 �4.81 Karakaschiceras attenuatum subzone Late Valanginian

a2 2.58 �4.90 Karakaschiceras attenuatum subzone Late Valanginian

a3 2.81 �4.63 Karakaschiceras attenuatum subzone Late Valanginian
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Table 1 (continued )

Unit Sample Subsample d13C (&) d18O (&) Ammonite zone/subzone Age

b 2.16 �4.13 Karakaschiceras attenuatum subzone Late Valanginian

c 3.39 �4.15 Karakaschiceras attenuatum subzone Late Valanginian

d 2.32 �3.30 Karakaschiceras attenuatum subzone Late Valanginian

e1 2.02 �3.14 Karakaschiceras attenuatum subzone Late Valanginian

e2 2.09 �4.08 Karakaschiceras attenuatum subzone Late Valanginian

e3 2.12 �4.09 Karakaschiceras attenuatum subzone Late Valanginian

f 2.41 �3.44 Karakaschiceras attenuatum subzone Late Valanginian

g 2.81 �3.16 Karakaschiceras attenuatum subzone Late Valanginian

h 2.52 �3.47 Karakaschiceras attenuatum subzone Late Valanginian

49 a 2.45 �3.73 Karakaschiceras attenuatum subzone Late Valanginian

b 2.34 �3.29 Karakaschiceras attenuatum subzone Late Valanginian

c 2.22 �4.32 Karakaschiceras attenuatum subzone Late Valanginian

d1 2.48 �4.16 Karakaschiceras attenuatum subzone Late Valanginian

d2 2.49 �4.18 Karakaschiceras attenuatum subzone Late Valanginian

d3 2.50 �4.13 Karakaschiceras attenuatum subzone Late Valanginian

Table 2

d13C and d18O data from the Pilmatué Member of the Agrio Formation, Agua de la Mula, with indication of lithostratigrphical unit, sample/subsample number,

ammonite zones/subzones and age

Unit Sample Subsample d13C (&) d18O (&) Ammonite zone/subzone Age

Agrio Formation

e Pilmatué Member

1 a 1.83 �4.32 Pseudofavrella angulatiformis subzone Late Valanginian

6 a 1.49 �4.68 Chacantuceras ornatum subzone Late Valanginian

9 a 1.92 �4.86 Chacantuceras ornatum subzone Late Valanginian

b 1.82 �4.95 Chacantuceras ornatum subzone Late Valanginian

c 1.91 �4.92 Chacantuceras ornatum subzone Late Valanginian

d 2.03 �4.47 Chacantuceras ornatum subzone Late Valanginian

15 a 1.51 �4.26 Neocomites sp. subzone latest Valanginian

b 1.89 �4.28 Neocomites sp. subzone latest Valanginian

c 1.91 �3.71 Neocomites sp. subzone latest Valanginian

d 1.76 �3.48 Neocomites sp. subzone latest Valanginian

29 a 2.58 �2.66 Neocomites sp. subzone latest Valanginian

b 2.73 �2.70 Neocomites sp. subzone latest Valanginian

c 2.77 �2.61 Neocomites sp. subzone latest Valanginian

d 2.38 �2.86 Neocomites sp. subzone latest Valanginian

30 a 2.30 �2.56 Neocomites sp. subzone latest Valanginian

b 2.14 �2.53 Neocomites sp. subzone latest Valanginian

33 a 0.93 �3.32 Holcoptychites neuquensis subzone Early Hauterivian

b 1.23 �3.81 Holcoptychites neuquensis subzone Early Hauterivian

44 a 1.61 �4.55 Holcoptychites neuquensis subzone Early Hauterivian

b 2.03 �4.24 Holcoptychites neuquensis subzone Early Hauterivian

45 a 1.72 �2.53 Holcoptychites agrioensis subzone Early Hauterivian

b 1.43 �2.06 Holcoptychites agrioensis subzone Early Hauterivian

55 a 1.33 �2.64 Holcoptychites agrioensis subzone Early Hauterivian

63 a 2.28 �2.87 Olcostephanus laticosta subzone Early Hauterivian

76 a 1.58 �3.36 Hoplitocrioceras gentilii subzone Early Hauterivian

82 a 2.01 �3.03 Hoplitocrioceras gentilii subzone Early Hauterivian

b 2.65 �3.34 Hoplitocrioceras gentilii subzone Early Hauterivian

c 1.87 �3.02 Hoplitocrioceras gentilii subzone Early Hauterivian

d 1.86 �3.01 Hoplitocrioceras gentilii subzone Early Hauterivian

84 a 1.48 �3.76 Hoplitocrioceras gentilii subzone Early Hauterivian

90 a 1.52 �3.38 Hoplitocrioceras gentilii subzone Early Hauterivian

b 1.48 �3.40 Hoplitocrioceras gentilii subzone Early Hauterivian

c 2.02 �3.18 Hoplitocrioceras gentilii subzone Early Hauterivian

d 1.00 �3.51 Hoplitocrioceras gentilii subzone Early Hauterivian

92 a 2.44 �2.70 Weavericeras vacaense zone Early Hauterivian

b 3.00 �2.22 Weavericeras vacaense zone Early Hauterivian

c 3.03 �2.17 Weavericeras vacaense zone Early Hauterivian

d 3.09 �2.16 Weavericeras vacaense zone Early Hauterivian

93 a 1.90 �2.87 Weavericeras vacaense zone Early Hauterivian

b �0.18 �2.66 Weavericeras vacaense zone Early Hauterivian

c �0.10 �4.03 Weavericeras vacaense zone Early Hauterivian

94 a �3.69 �5.53 Weavericeras vacaense zone Early Hauterivian
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Table 3

d13C and d18O data from the Agua de la Mula Member of the Agrio Formation, Agua de la Mula, with indication of lithostratigraphical unit, sample/subsample

number, ammonite zones/subzones and age

Unit Sample Subsample d13C (&) d18O (&) Ammonite zone/subzone Age

Agrio Formation

e Agua de la Mula Member

1 1 0.04 �2.87 Spitidiscus riccardii zone Late Hauterivian

9 9 0.65 �3.09 Crioceratites schlagintweiti zone Late Hauterivian

11 a 2.27 �1.93 Crioceratites diamantensis zone Late Hauterivian

b 2.23 �1.68 Crioceratites diamantensis zone Late Hauterivian

c 1.67 �2.17 Crioceratites diamantensis zone Late Hauterivian

d 1.89 �1.74 Crioceratites diamantensis zone Late Hauterivian

e 1.04 �2.37 Crioceratites diamantensis zone Late Hauterivian

f 1.83 �2.14 Crioceratites diamantensis zone Late Hauterivian

12 a 1.54 �1.53 Crioceratites diamantensis zone Late Hauterivian

b 2.27 �1.63 Crioceratites diamantensis zone Late Hauterivian

c 2.10 �1.60 Crioceratites diamantensis zone Late Hauterivian

d 0.73 �2.72 Crioceratites diamantensis zone Late Hauterivian

e 0.66 �2.07 Crioceratites diamantensis zone Late Hauterivian

f 1.91 �2.19 Crioceratites diamantensis zone Late Hauterivian

g 0.80 �2.19 Crioceratites diamantensis zone Late Hauterivian

h 0.91 �1.88 Crioceratites diamantensis zone Late Hauterivian

i 1.79 �1.84 Crioceratites diamantensis zone Late Hauterivian

j 1.23 �2.40 Crioceratites diamantensis zone Late Hauterivian

15 a 0.16 �2.38 Crioceratites diamantensis zone Late Hauterivian

b �0.38 �2.06 Crioceratites diamantensis zone Late Hauterivian

c1 �0.31 �2.48 Crioceratites diamantensis zone Late Hauterivian

c2 �0.33 �2.52 Crioceratites diamantensis zone Late Hauterivian

c3 �0.27 �2.41 Crioceratites diamantensis zone Late Hauterivian

d 1.95 �2.25 Crioceratites diamantensis zone Late Hauterivian

e 1.90 �2.26 Crioceratites diamantensis zone Late Hauterivian

f 1.74 �2.37 Crioceratites diamantensis zone Late Hauterivian

g 1.65 �2.04 Crioceratites diamantensis zone Late Hauterivian

h 1.63 �1.53 Crioceratites diamantensis zone Late Hauterivian

i 1.04 �2.69 Crioceratites diamantensis zone Late Hauterivian

j1 0.84 �3.31 Crioceratites diamantensis zone Late Hauterivian

j2 0.79 �3.31 Crioceratites diamantensis zone Late Hauterivian

j3 0.96 �3.29 Crioceratites diamantensis zone Late Hauterivian

16 a 2.17 �2.70 Crioceratites diamantensis zone Late Hauterivian

b 1.87 �1.93 Crioceratites diamantensis zone Late Hauterivian

c 2.12 �2.32 Crioceratites diamantensis zone Late Hauterivian

d �0.35 �2.07 Crioceratites diamantensis zone Late Hauterivian

19 a 1.16 �3.96 Crioceratites diamantensis zone Late Hauterivian

b 1.46 �1.70 Crioceratites diamantensis zone Late Hauterivian

20 a 2.02 �2.16 Crioceratites diamantensis zone Late Hauterivian

21 a 1.00 �4.71 Crioceratites diamantensis zone Late Hauterivian

22 a 1.27 �3.53 Crioceratites diamantensis zone Late Hauterivian

23 a 1.44 �3.53 Crioceratites diamantensis zone Late Hauterivian

24 a 1.67 �3.36 Crioceratites diamantensis zone Late Hauterivian

25 a 1.32 �3.30 Crioceratites diamantensis zone Late Hauterivian

28 a 2.22 �3.51 Crioceratites diamantensis zone Late Hauterivian

30 a 1.34 �3.66 Crioceratites diamantensis zone Late Hauterivian

31 31 1.61 �3.44 Paraspiticeras groeberi zone Early Barremian

33 b 1.66 �3.31 Paraspiticeras groeberi zone Early Barremian

a 2.11 �3.20 Paraspiticeras groeberi zone Early Barremian

2 0.63 �3.17 Paraspiticeras groeberi zone Early Barremian

4 2.65 �3.55 Paraspiticeras groeberi zone Early Barremian

10 1.19 �4.67 Paraspiticeras groeberi zone Early Barremian

36 b 2.36 �1.25 Paraspiticeras groeberi zone Early Barremian

37 37 �5.50 �3.29 Paraspiticeras groeberi zone Early Barremian

38 b 1.89 �1.39 Paraspiticeras groeberi zone Early Barremian

a �0.23 �5.27 Paraspiticeras groeberi zone Early Barremian

40 1 2.07 �2.68 Paraspiticeras groeberi zone Early Barremian

2 1.03 �3.54 Paraspiticeras groeberi zone Early Barremian

2 rep 1.12 �3.51 Paraspiticeras groeberi zone Early Barremian

a 2.09 �1.81 Paraspiticeras groeberi zone Early Barremian

b 2.19 �2.54 Paraspiticeras groeberi zone Early Barremian

c1 2.36 �2.66 Paraspiticeras groeberi zone Early Barremian

c2 2.46 �2.70 Paraspiticeras groeberi zone Early Barremian
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Table 3 (continued )

Unit Sample Subsample d13C (&) d18O (&) Ammonite zone/subzone Age

c3 2.31 �2.78 Paraspiticeras groeberi zone Early Barremian

d 1.77 �2.17 Paraspiticeras groeberi zone Early Barremian

e 1.92 �2.26 Paraspiticeras groeberi zone Early Barremian

f 1.42 �1.51 Paraspiticeras groeberi zone Early Barremian

3 1.21 �2.94 Paraspiticeras groeberi zone Early Barremian
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carbonates can be taken as an indicator of diagenetic alteration
(e.g., Veizer, 1983; Marshall, 1992). The CL analysis de-
scribed herein was performed using a Cambridge Image Tech-
nology cathodoluminescence CLMK4. Diagenetic alteration
was not obvious by standard petrographic inspection. Under
CL, most of the oysters were dully luminescent, whilst some
growth bands adjacent to the shell margin, infilled microfrac-
tures, and the cement and sediment infilling borings were
brightly luminescent (Fig. 3).
3.3. Sampling
In order to obtain sufficient shell carbonate for isotopic
analysis, without compromise from diagenetically-altered
Fig. 3. A, Cathodoluminescence (CL) photomicrograph of oyster (Sample

AM29 C7), showing a largely non-luminescent shell margin within a lumines-

cent matrix. B, CL photomicrograph of oyster (Sample LP11 B), showing

some luminescent growth bands (avoided during sampling) adjacent to the

shell margin. Scale-bar¼ 2 mm in A and 1 mm in B.
areas of the oyster, each oyster was broken up with a vibrating
microdrill. The external laminae (shown by CL to be diagenet-
ically altered in some sample; Fig. 3) of the shell margins were
discarded. By drilling at the edge of a broken shell, individual
laminae broke away and could be isolated. These laminae
were on average, 0.5 mm thick and up to 1 cm in diameter.
Each lamina was washed in de-ionised water in an ultrasonic
bath for five minutes. The core of each lamina was then drilled
with a microdrill, avoiding fractured edges. Each drilled pow-
der was analysed separately. Each oyster had between three
and six samples taken in this way, depending on the total shell
thickness and number of laminae.
3.4. Isotope analysis
The d13C and dI8O values for oysters presented in this study
were obtained using a GV Instruments Carbonate Acid Injec-
tor and GVI 2003 Mass Spectrometer, housed in the School of
Planning, Architecture and Civil Engineering, Queen’s Uni-
versity, Belfast. The d13C and d18O values obtained were cali-
brated against the internationally accepted International
Atomic Energy Association carbonate standard NBS-19.
Analytical reproducibility of the measurements is �0.2 per
mil based upon replicate analyses. The d18O and d13C data
are reported in the conventional delta notation with respect
to V-PDB (Figs. 4 and 5, Tables 1e3).

4. The d13C and d18O curves

The d13C and d18O curves are shown in Figs. 4e6, where
each point represents the averaged data from each level and
the error bars are 1 standard deviation. The lower part of the
curve, derived from Cerro La Parva, is incomplete (Fig. 4), the
gap representing the bulk of the Mulichinco Formation, which
did not yield sufficient oysters. There are also some minor
gaps in sampling higher in the succession. The d13C curve shows
several positive excursions of varying degrees of magnitude.

Within the Valanginian, the dark shales forming the top part
of the Cerro La Parva succession show a shift to more positive
d13C values, consistently above 2.0&. The excursion extends
over much of the Olcostephanus (O.) atherstoni and Karaka-
schiceras attenuatum ammonite Subzones interval, which
comprises a succession of black shales that is limited to the
central part of the basin, west of Chos Malal. According to
Aguirre-Urreta and Rawson (1997) and Aguirre-Urreta et al.
(2005), the ammonite faunas of the O. (O.) atherstoni-K.
attenuatum Subzones correlate with the bulk of the Mediterra-
nean Province Busnardoites campylotoxus to Saynoceras
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verrucosum ammonite Zones, at which level the well-known
mid-Valanginian positive carbon isotope excursion occurs
(e.g., Weissert et al., 1998; Hennig et al., 1999; van de Schoot-
brugge et al., 2000). The same event is also found at the
correlative level in some boreal sequences (e.g., Price and
Mutterlose, 2004).

Higher in the Valanginian, there is a brief excursion in the
upper part of the ‘Neocomites’ sp. ammonite Subzone, where
black shales are again well developed. Ammonite correlations
(Aguirre-Urreta et al., 2005) also indicate that the Weaverice-
ras vacaense ammonite Zone may correlate with the Lyticoce-
ras nodosoplicatum ammonite Zone in SE France, which
contains a brief positive excursion in both the belemnite and
bulk carbon curves (van de Schootbrugge et al., 2000). Within
the Agua La Mula section, at the base of the W. vacaense
Zone, there is a sharp facies change, from the underlying silty
shales with thin sandstones in the upper part of the Hoplitoc-
rioceras gentilii ammonite Subzone to black shales, but only
a single data-point reveals more positive d13C values.
Negative oxygen isotope values are observed throughout
the succession, ranging from approximately �7.0 to �1.3&.
Of note is that the most negative d18O values are seen from
the lower part of the succession (Lissonia riveroi -O. (O.) athe-
rstoni (Sub)zones), and are coincident with the most positive
d13C values. These very negative d18O values, in conjunction
with the degree of scatter shown in both carbon and oxygen
data, are interpreted to indicate a fresh-water influence within
the brachyhaline zone (Lazo et al., in press).

5. Discussion

Within the Neuquén Basin, major organic-rich units include
the Upper Jurassic to Lower Cretaceous Vaca Muerta Forma-
tion and the Pilmatué Member of the Agrio Formation (Ku-
gler, 1985; Cruz et al., 1996; Tyson et al., 2005). The total
organic carbon (TOC) content of the Vaca Muerta Formation
decreases upwards, with the maximum TOC values (2e12
wt%) associated with the basal unit of the section (Kugler,
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1985; Scasso et al., 2005). Notably, Tyson et al. (2005) re-
vealed both reasonably rich TOC concentrations (up to 7.4
wt%) and concentrations of type II/III organic matter (organic
matter derived from algae, bacteria and marine zooplankton,
with some higher plant contribution), from the base of the Pil-
matué Member. The evidence presented here demonstrates
that, in the Neuquén Basin, there may be a link between cer-
tain positive carbon isotope excursions and the accumulation
of black ‘organic-rich’ shales. However, the data of Tyson
et al. (2005) also show that higher TOC values are recorded
from the Spitidiscus shale, coincident with the most negative
carbon isotopes of this study. Hence, a simple relationship be-
tween carbon burial within the Neuquén Basin and positive
carbon isotope excursions is not always apparent.

Ammonite correlations indicate that most of the observed
carbon isotope excursions seen within the Neuquén Basin
(Fig. 6) may correlate with excursions documented from the
SE of France (Hennig et al., 1999; van de Schootbrugge
et al., 2000). It is the mid-Valanginian excursion that has
been recognised over much of the world and that has prompted
much discussion over its origin. The excursion was first iden-
tified in a well-established time-scale by Lini et al. (1992).
Since then it has been identified throughout the Tethyan
area, and has subsequently been located in many other regions
of the Northern Hemisphere (e.g., Bartolini, 2003; Price and
Mutterlose, 2004). The d13C curves of the mid-Valanginian
event (e.g., Weissert, 1989; Weissert et al., 1998; Lini et al.,
1992) have typically been based upon bulk carbonate analyses.
Within these studies, as each sample for isotopic analysis, in
addition to nannofossil carbonate, may consist of a number
of different components, including microspar, foraminiferal
and molluscan shell micro-debris, this must lead to a dampen-
ing of the potential variation leading to an integrated d13C sig-
nal. Where individual faunal or floral components have been
analysed across the Valanginian positive carbon isotope excur-
sion (e.g., Price et al., 2000; van de Schootbrugge et al., 2000;
Wortmann and Weissert, 2000; Price and Mutterlose, 2004;
Gröcke et al., 2005) much greater variability is seen. It is
therefore considered that the variations documented in the car-
bon record from the Neuquén Basin are genuine and reveal
short-term fluctuations, possibly reflecting real and rapid
changes in carbon cycling or local environmental conditions
superimposed on the longer-term trend.

The origin of the mid-Valanginian excursion has been
widely debated. It has been linked variously with global
warming, volcanism and the widespread deposition of black
shales. Lini et al. (1992) ascribed the positive carbon event
to a greenhouse episode of the earth’s climate. But comparison
of d13C to proxy measurements of temperature, such as d18O,
Boreal-Tethyan floral and faunal distributions, glendonite nod-
ules and possible glacial dropstones, provide abundant evi-
dence of cool climatic conditions for much of the
Valanginian and parts of the Hauterivian, partially contradict-
ing the idea of Lini et al. (1992). Erba et al. (2004) found no
palaeontological or d18O evidence of warming during the
Valanginian oceanic anoxic event, and according to these
authors, both nannofossils and oxygen isotopes record
a cooling event at the climax of the d13C excursion (see also
Kessels et al., 2006).

Channell et al. (1993) linked the excursion to increased
pCO2 (the partial pressure of atmospheric CO2) from volca-
nism, especially the Paraná-Etendeka continental flood-basalts.
This link is problematic in its timing and origin (Courtillot
et al., 1999), but Erba and Tremolada (2004) and Erba et al.
(2004) concluded that these eruptions offer the best explanation
for the excursion. Both these authors and Gröcke et al. (2005)
suggested that such eruptions increased surface-water fertility,
leading to localised black shale deposition, incursions of
marine flora and fauna from other biotic areas, and increases
in global weathering. The Paraná-Etendeka flood-basalts have
been dated by Renne et al. (1992) and Ernesto et al. (1999).
The ages obtained by 40Ar/39Ar analysis range between 133
and 130 Ma, indicating a very short-lived eruption for most
of this large igneous province. Taking into consideration the
geologic time-scale of the International Commission on
Stratigraphy, the Valanginian ranges from 140.2� 3.0 to
136.4� 2.0 Ma (Ogg et al., 2004), thus ruling out any potential
link between the mid-Valanginian positive d13C excursion and
the flood-basalts of the Paraná-Etendeka Basin. It is recog-
nised, however, that there are few reliable radiometric ages
with precise stratigraphic controls within the Early Cretaceous
(Ogg et al., 2004), and consequently there are large differences
in ages between different timescales (cf. Channell et al.,
1995a,b; Gradstein et al., 1995). If the Valanginian ages of
Ogg etal. (2004) are used, the main volcanic activity occurred
exclusively within the Late Hauterivian (for which time we
have no evidence of a positive d13C shift in the Neuquén Basin).
Therefore, another explanation is required for the positive d13C
shift during the mid-Valanginian.

Gröcke et al. (2005), amongst others, reviewed the evidence
for the relationship between the mid-Valanginian carbon iso-
tope excursion and organic matter burial. They conclude that
few black shales have been recorded in this interval. Although
ODP Leg 198, drilled on Shatsky Rise, recovered pelagic se-
quences containing two organic-rich intervals (Site 1213;
Shipboard Scientific Party, 2002), age constraints on these
intervals, based upon shipboard results, preclude the determi-
nation of a possible temporal relationship with the mid-
Valanginian d13C positive excursion (Brassell et al., 2004).
However, as we demonstrate here, the Neuquén Basin sections
show several discrete intervals of black shales linked with pos-
itive excursions, including the mid-Valanginian one.

6. Conclusions

The first carbon and oxygen isotope curves for the Valangi-
nian to Early Barremian interval obtained from outcrops in the
Neuquén Basin show carbon isotope excursions that are corre-
latable with ones documented from the Mediterranean region.
An unequivocal relationship between d13C and organic matter
burial for the mid-Valanginian has hitherto been less well
documented than for other established oceanic anoxic events.
This work redresses the lack of evidence of such a relationship,
in that a number of major Lower Cretaceous units in the
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Neuquén Basin, including the Vaca Muerta Formation and the
Pilmatué Member of the Agrio Formation, are organic rich. It
should be noted, however, that high TOC values recorded from
the Spitidiscus shale coincide with the most negative carbon
isotopes of this study, and for this reason, a straightforward re-
lationship between carbon burial within the Neuquén Basin
and positive carbon isotope excursions is not always apparent.

The dark shales forming the lowest beds of the Pilmatué
Member at Cerro La Parva show the beginning of a d13C ex-
cursion that spans the mid-Valanginian Olcostephanus (O.)
atherstoni and Karakaschiceras attenuatum ammonite Sub-
zones. Therefore, within the Valanginian, it appears that burial
of carbon may also have occurred outside of typical open-
ocean marine settings, that is, in more marginal marine envi-
ronments such as the Neuquén Basin.
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Lukeneder, A., Ploch, I., Raisossadat, N., Rawson, P.F., Ropolo, P.,

Vasicek, Z., Vermeulen, J., Wippich, M.G.E., 2003. Report on the 1st

International Workshop of the IUGS Lower Cretaceous Ammonite Work-

ing Group, the ‘Kilian Group’ (Lyon, 11 July 2002). Cretaceous Research

24, 89e94.

Holmden, C., Hudson, J.D., 2003. 87Sr/86Sr and Sr/Ca investigation of

Jurassic mollusks from Scotland: implications for paleosalinities and

the Sr/Ca ratio of seawater. Geological Society of America Bulletin

115, 1249e1264.

Jones, C.J., Jenkyns, H.C., Coe, A.L., Hesselbo, S., 1994. Strontium isotopic

variations in Jurassic-Cretaceous seawater. Geochimica et Cosmochimica

Acta 58, 3061e3074.

Kessels, K., Mutterlose, J., Michalzik, D., 2006. Early Cretaceous (Valangi-

nian-Hauterivian) calcareous nannofossils and isotopes of the Northern

Hemisphere: proxies for the understanding of Cretaceous climate. Lethaia

39, 157e172.

Kugler, R.L., 1985. Source rock characteristics, Los Molles and Vaca Muerta

shales, Neuquén Basin, west-central Argentina. American Association of

Petroleum Geologists Bulletin 69, 276.

Lazo, D.G., Aguirre-Urreta, M.B., Price, G.D., Rawson, P.F., Ruffell, A.H.

Palaeosalinity variations in the Early Cretaceous of the Neuquén Basin,

Argentina: evidence from oxygen isotopes and detailed palaeoecological

analysis. Palaeogeography, Palaeoclimatology, Palaeoecology, in press.



99M.B. Aguirre-Urreta et al. / Cretaceous Research 29 (2008) 87e99
Legarreta, L., Gulisano, C.A., 1989. Análisis estratigráfico secuencial de la
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