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ABSTRACT

Here we present the results of the study of two Lower Toarcian carbonate sections located in the Iberian
Range of central Spain. Analyses of stable isotope on belemnite calcite allowed calculation of seawater
palaeotemperature variations, which were compared with the stratigraphical distribution of ostracods. These
organisms are particularly sensitive to ratios of temperature and salinity variations and hence are good
indicators of climate changes. From a cooling interval, with seawater temperatures of 13.2 *C recorded at the
Pliensbachian —Toarcian transition, seawater temperature began to rise in the lowermost Toarcian
Tenuicostatum Zone, reaching average temperatures between 14.6 °C and 16.3 °C during the time of
deposition of this Zone. Coinciding with this seawater warming, up to 85% of the ostracods species
progressively disappeared during a period of approximately 300 kyr, marking the extinction interval. The
extinction boundary, located around the Tenuicostatum—Serpentinum zonal boundary, coincides with a
marked increase in temperature in the Serpentinum Zone, on which average seawater temperatures of 22 *C
have been calculated. Warming continued through part of the Middle Toarcian Bifrons Zone, reaching
average temperatures of 24.7 *°C. Readjustment of the ostracod population allowed recovery of these faunas
in the upper Serpentinum Zone, although the extinction of a major ostracod group, the healdioids, was also
recorded. The correlation between mass extinction and warming infers a causal relationship. Comparison of
the results with the records of stable isotopes in belemnites and in bulk carbonates, as well as TOC and facies
analysis suggests that the anoxia linked to the Early Toarcian oceanic anoxic event was not the main
responsible for the ostracod mass extinction.

1. Introduction

et al,, 2003, 2004; Gémez et al., 2008) and Portugal (Suan et al., 2008).
Synchronously with this warming interval, a significant mass extinction

Many biotic crises of Earth's history were suggested as past
analogues for future biotic changes in course of Global Change
(Fraiser, 2009). Therefore, the fossil record offers excellent opportu-
nities to analyze the strong links between past rapid climate changes
and their effects on floral and faunal extinctions (e.g. Kennett and
Stott, 1991; Courtillot and Gaudemer, 1996; Culver and Rawson,
2000; Benton and Twitchett, 2003; Mayhew et al., 2008; Gomez et al.,
2008, 2009) and in some cases the records of the lag time needed for a
later recovery.

A warming interval that occurred in the Lower Toarcian (183—
181.2 Ma; Ogg, 2004; Ogg et al., 2008) of the Lower Jurassic, has been
recorded in different areas of Western Europe such as the UK (Jenkyns
et al,, 1991; Salen et al., 1996; McArthur et al., 2000; Jenkyns, 2003},
Germany (Rohletal.,2001; Schmid-Réhletal.,2002), France (Deraetal.,
2009), Bulgaria (Metodiev and Koleva-Rekalova, 2008), Spain (Rosales
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event occurred. Generally this event is defined as a geologically brief
interval (i.e. ~1Ma) of elevated extinction rates that affected diverse
taxa throughout the world (Hallam and Wignall, 1997). It has been
reported in several areas, affecting many groups of fossils (e.g. Hallam,
1961, 1986, 1987, 1996; Arias et al, 1992; little and Benton, 1995;
Aberhan and Fiirsich, 1997; Harries and Little, 1999; Pilfy and Smith,
2000; Cecca and Macchioni, 2004; Gomez et al., 2008). Synchronism
between mass extincton and climate change infers that warming was
the main cause of marine faunal extinction.

Deposition of organic-rich black shale facies during the Early
Toarcian in some areas has been interpreted as the result of a
synchronous and widely distributed major Early Toarcian Oceanic
Anoxic Event (ETOAE) (Jenkyns, 1985, 1988, 1999, 2003; Jenkyns and
Clayton, 1986, 1997; Jenkyns et al., 1994, 2001, 2002; Jiménez et al.,
1996; Mailliot et al., 2006} and assummed by many authors to be one of
the main causes of the mass extinction (e.g. Jenkyns, 1988; Nikitenko
and Shurygin, 1992; Bassoullet and Baudin, 1994; Harries and Little,
1999; Palfy and Smith, 2000; Jenkyns et al, 2002; Voros, 2002;
Aberham and Baumiller, 2003; Tremolada et al., 2005; Wignall et al.,



2005; Mailliot et al., 2009). However, reappraisal through high-
resolution stratigraphy indicates that the ETOAE is diachronous at the
ammonite zone/subzone scale and only occasionally coincident with
the mass extinction boundary (Wignall et al., 2005; Gémez et al.,
2008; McArthur et al., 2008).

We here present the results of a study of two particularly well
exposed Lower Toarcian carbonate sections, as a contribution aimed
to elucidate the causes of this mass extinction event. The sections
were previously well dated with ammonites at the subzone scale, and
are located in the Iberian Range of central Spain (Fig. 1 a, b): the La
Almunia section and the Sierra Palomera section. Analyses of stable
isotope of diagenetically screened belemnite calcite and bulk
carbonates, as well as total organic carbon (TOC) analysis, together
with the stratigraphical distribution of ostracods, have been per-
formed in both sections. Ostracods have been selected, as they are
organisms particularly sensitive to temperature and salinity varia-
tions and hence good indicators of climate changes (Arias, 2007 ). The
resultsobtained have been compared to test the relationship between
seawater palaeotemperature variations and ostracods faunal turn-
overs, but the possible influence of the ETOAE in the recorded mass
extinction is also analyzed.

2. Regional setting

The Iberian Range is a NW —SE oriented folded and thrusted belt
(Fig. 1b) that resulted from the tectonic inversion during the
Cenozoic. During the Early and Middle Jurassic, a system of carbonate
platforms, the Iberian platform system, developed in this area of
central Spain under a post-rift extensional tectonic regime. Active
tectonics favoured the presence of syn-sedimentary faulted blocks
and the extrusion of volcanic deposits along some of the active faults,
mainly during the Toarcian but also during the early part of the Middle
Jurassic (Gomez and Goy, 2004, 2005; Gémez and Fernandez-Ldpez,
2004, 2006). The Upper Pliensbachian is mainly represented by the
bioclastic limestones of the Barahona Fm (Fig. 2}, but progressive
deepening of the platform in the Lower Toarcian conditioned the
deposition of the open-marine hemipalagic alternating limestones
and marls of the Turmiel Fm. This progressive flooding of the platform
culminated in the mid-Toarcian peak transgression of Cycle LJ-3 that
was recorded in the Bifrons Zone (Fig. 2).
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Fig. 2. Stratigraphic framework of the uppermost Pliensbachian—Lower and Middle
Toarcian of the Iberian Range. Most of the Lower Toarcian deposits are represented by an
alternation of hemipelagic marls and lime mudstones of the Turmiel Fm. The Upper
Pliensbachian and the lower— Middle Toarcian deposits reflect the transgressive interval of
the 2nd order Cycle 1J-3. However, at a more detailed scale, smaller 3rd order cycles
including shallowing intervals can be recognized. Subzones abbreviations: AP — Apyrenum.
HA — Hawskerense. PA — Paltum. SE — Semicelatum. EL — Elegantulum. FA — Falciferum
SU — Sublevisoni. BI — Bifrons. VA — Variabilis. IL — Illustris. VI — Vitiosa.

3. Materials and methods

The sections have been studied bed by bed and ostracods from 15
samples collected at the La Almunia section and 14 samples from the
Sierra Palomera section were prepared and studied following
conventional methods. Samples used in this study are almost
exclusively from mudstones and marls. The sample processing
consisted of drying, weighing out 100 g of sample material and
dispersing in a solution of hydrogen peroxide, sodium hydroxide and
water. The disintegrated samples were washed through sieves with
mesh diameter of >60, 125, 250, 500 and 1000 pm. All ostracods from
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Fig. 1. Location of the studied sections. (a) Map showing the location of the Iberian Range. (b)
Sierra Palomera sections.
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the >125, 250, 500 and 1000 um fractions were picked and mounted
onto cardboard microscope slides. The fraction >60 um was tested,
revealing little influence on diversity and composition.

Sixty-seven belemnites were prepared for analyses of stable
isotope. In addition, a total of 62 bulk carbonate samples were
collected and analyzed for C and O isotope ratios, and 23 samples
were analyzed for total organic carbon (TOC). For the assessment of
possible burial diagenetic alteration of the collected belemnites,
polished samples and thick sections of each belemnite rostra were
prepared. The thick sections were studied under the petrographic
and the cathodoluminescence microscope. Only the non-lumines-
cent portions of the belemnite guards were sampled using a
microscope-mounted dental drill. Sampling of the luminescent
parts such as the apical line and the outer phragmocone wall,
fractures, stylolites and borings have been avoided. Additionally, 30
belemnite calcite samples were analyzed using X-ray diffraction
techniques to make sure that no other minerals except for calcite
were present in the samples. A part of the belemnites collected at La
Almunia were analyzed for stable isotopes at the Salamanca
University (Spain) and the remaining belemnite and bulk rock
samples at the University of Michigan (USA). Carbonate samples
weighing a minimum of 10 micrograms were placed in stainless steel
boats. Samples were roasted at 200 °C in vacuum for 1 h to remove
volatile contaminants and water. Samples were then placed in
individual borosilicate reaction vessels and reacted at 77° 4+ 1 *Cwith
3 or 4 drops of anhydrous phosphoric acid for 8 minutes in a Finnigan
MAT Kiel IV preparation device coupled directly to the inlet of a
Finnigan MAT 253 triple collector isotope ratio mass spectrometer.
0'7 corrected data are corrected for acid fractionation and source
mixing by calibration to a best-fit regression line defined by two NBS
standards, NBS 18 and NBS 19. Precision and accuracy of data were
monitored through daily analysis of powdered carbonate standards.
At least six standards were analyzed daily, bracketing the sample
suite atthe beginning, middle, and end of the day’s run. Inall samples,
isotope ratios are reported in per mil relative to the standard Peedee
belemnite (PDB). Several samples were analyzed in both laborato-
ries.Reproducibility between both laboratories was better than 0.4%.
PDB for 8'3C and better than 0.6%. PDB for #'20. Internal analytical
precision in belemnite carbonates was - 0.04%. for both &3C and
$'%0, and internal analytical precision in bulk carbonates was &
0.04%. for &'3C and +0.09%. for &'30. TOC analyses have been
performed in the Centro de Espectrometria Atémica of the Uni-
versidad Complutense of Madrid using a Shimadzn TOC-V analyzer
for solid samples (SSM-5000 A). One sample of standard NIST 1944
was analyzed every four samples of rock to control the total carbon
values and bicarbonate of soda for the inorganic carbon. Analytical
error was better than + 0.7%.

The Toarcian seawater palaeotemperatures recorded in the belem-
nite rostra have been calculated using the equation of Anderson and
Arthur (1983):

T(C) = 160—4.14 (8. —8,) + 013 (§.—8,)

where &.=&'%0 PDB is the composition of the sample, and &, =#'%0
SMOW is the composition of ambient seawater. Normal values of
S§=34.3%, for the marine salinity (Wright, 1987} and &,, values of —1%.
for a non-glacial ocean water were used (Sackleton and Kennet, 1975).

4. Results
4.1. La Almunia section

The Lower Toarcian deposits have been studied along a hillside near
the town of La Almunia (Fig. 3) (Lat. 41° 28’ 54”N, Long. 1° 24’ 51"W).
The lowermost part of the Toarcian is represented by bioclastic
wackestones to packstones of the Barahona Fm, but most of the Lower
Toarcian is represented by the hemipelagic alternating lime mudstone
and marls of the Turmiel Fm (Fig. 4). Ammonite biostrasigraphy at the
subzone scale has been based on the results of Goy and Martinez (1990),
Goy et al. (1996) and Gomez et al. (2008).

4.1.1. Stable isotope records

Plotting of the 8'3Cue; and 8'®0ge; as well as the &'3Cyu and
8'804,1¢ values in this section against the stratigraphical levels shows
significant variations along the studied interval (Fig. 4). The overall
trend of the 8'3Cy; values describe a positive excursion, with a peak
value of 3.1%, reached in the Falciferum Subzone (Serpentinum Zone).
Two minor negative '3Cye; peaks are recorded. The lower shift is
located in the uppermost Tenuicostatum Zone, and the upper negative
excursion is recorded in the Middle Toarcian Bifrons Subzone, where
negative values as low as — 0.34%. are reached. The #13C,,. curve
shows scattered values, probably in part altered by burial diagenesis,
but average values in the Semicelatum Subzone are 1.3%. and average
values at the Elegantulum Subzone are 0.9%., marking a minor
negative shift of about 0.3%e..

The 8'%0y,; values significantly vary in the studied interval. In
the lowermost Toarcian (Tenuicostatum Zone), values are more
negative than in the uppermost Pliensbachian, from — 0.3%. at the
end-Pliensbachian to —1.7%. as an average around the Tenuicos-
taturn—Serpentinum zonal boundary. That marks the onset of a
significant excursion towards more negative values that starts at
the Tenuicostaturn —Serpentinum zonal boundary and that reaches
a prominent peak value in the Elegantulum Subzone. Additional
shifts have been recorded higher in the section, in the Middle

Fig. 3. Partial view of the Lower Toarcian alternation of limestone and marl of the Turmiel Fm at La Almunia. Shed is about 2 m high.
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Fig. 4. Stratigraphic column of the uppermost Pliensbachian and the Lower/Middle Toarcian deposits in the La Almunia section, showing sequence stratigraphy and the curves of the
stable isotopes based on belemnite calcite (8'%0y¢ and §'3Gy.y) and in bulk carbonates (8'*Oyuy and 83Cyunl) as well as the total organic carbon (TOC) concentration. Zones
abbreviations: VAR — Variabilis. Subzones abbreviations: EL — Elegantulum. VA — Variabilis.

Toarcian Bifrons Subzone, coinciding with the &'3Cy.; negative
excursion. The 8'80y,. values obtained from carbonates are quite
uniform, showing an average value of —0.36%,, which reflects the
signal acquired during burial diagenesis.

4.1.2. TOC values

Marls of the uppermost Semicelatum Subzone and of the Ele-
gantulum Subzone have been analyzed for TOC content. All samples of
the interval supposedly corresponding to the ETOAE show values

below 1 wt.% and more than a half of the samples have less than
0.5 wt.% TOC (Fig. 4). Based on these results, and taking into account
that for many authors black shales should contain more than S wt.%
TOC (Bates and Jackson, 1987; Kearey, 2001; McArthur et al., 2008)
these deposits can hardly be classified as organic-rich black shale
facies, which for many authors are the diagnostic representatives of
the Early Toarcian Oceanic Anoxic Event (Jenkyns, 1985, 1988, 1999,
2003; Jenkyns and Clayton, 1986, 1997; Jenkyns et al,, 1994, 2001,
2002; Jiménez et al., 1996; Mailliot et al., 2006). Marls and carbonates

Fig. 5. Stratigraphical distribution of ostracods (modified after Arias, 1995, 1996), and other benthic organisms in the uppermost Pliensbachian—Lower Toarcian in the La Almunia
section. The progressive loss of species during the Tenuicostatum Biochron represents the extinction interval, (following the nomenclature of Kauffman and Erwin, 1995). The mass
extinction boundary is located around the Tenuicostatum—Serpentinum zonal boundary. Above the extinction boundary, the population interval is marked by the appearance of
new taxa. Brachiopod data modified after Garcia Joral and Goy (1996). Bivalves distribution modified after Bernad (1996). EL—Elegantulum Subzone.
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of the studied interval show bioturbated fabrics, except for a level of
marls located in the Serpentinum Zone, above the extinction interval,
that shows parallel lamination.

4.1.3. Ostracods record

Noteworthy changes in the distribution of taxa in the uppermost
Pliensbachian—Lower Toarcian interval have been recorded in the La
Almunia section (Arias, 1995, 1996). From a total of 35 ostracods taxa
identified in this section, 26 taxa that had their First Appearance
Datum (FAD) before the Tenuicostatum—Serpentinum zonal bound-
ary, only 4 (15%) surpassed this boundary, while 22 taxa (85%)
progressively disappear in the Lower Toarcian Tenuicostaturn Zone.
After an interval probably equivalent to the lower part of the
Elegantulum Zone, where no new appearances were recorded, 6
taxa originated in the Serpentinum Zone.

The well marked interval in which 85% of the ostracods taxa
disappeared (uppermost Pliensbachian and lowermost Toarcian
Tenuicostatum Zone) corresponds to the “extinction interval” defined
by Kauffman and Erwin (1995) (Fig. 5) and, as many authors have
pointed out, the extinction boundary can be clearly marked around
the Tenuicostatum—Serpentinum zonal boundary (e.g. Hallam, 1987;
Arias et al., 1992; Little and Benton, 1995; Harries and Little, 1999;
Cecca and Macchioni, 2004; Wignall et al., 2005, 2006; Gémez et al.,
2008).

The pronounced ostracod faunal turnover is manifested by the
replacement of the typical Pliensbachian ostracod assemblages
dominated by healdioids, large cytheroids of the genera Gramannella
and Pleurifera, and a few species of the genera Cytherella, Bairdiacypris,
Polycope, Monocerating, Eucytherura and Pseudomacrocypris. The
ostracod assemblages that recovered from the lowest part of the
Semicelaturn Subzone show an important faunal turnover (Fig. S),
with the most typical Late Pliensbachian—Early Toarcian ostracod
species (Liasina lanceolata (Plate 1, Fig. 1), Cytherella toarcensis, Liasina
vestibulifera, Gramannella apostolescui (Plate 1, Fig. 5), Ektyphocythere
aff. E. vitiosa (Plate 1, Fig. 4), Kinkelinella tenuicostata and Pleurifera
harpa harpa (Plate 1, Fig. 6)) progressively disappearing and being
replaced by a few cytheroids species (Kinkelinella sermoisensis,
Ektyphocythere anterocosta, Ektyphocythere bucki and Bairdiacypris
dorisae) as the main component of the assemblages. Therefore, the
Serpentinum Zone seems to represent the end of the renewal period.
This period is marked by the healdioid extinction (Lord, 1982; Boomer
et al.,, 2008), a group that appeared in the Devonian, and persisted
until the Lower Toarcian Serpentinum Zone, and the replacement of
cypridoid and cytherellid by cytheroids, which became dominant,
making up 90% of the total ostracod faunal assemblages.

Other groups such as the brachiopods and bivalves studied at 1a
Almunia show a similar stratigraphical distribution pattern, marking
the mass extinction interval. The mass extinction boundary is also
well marked by the ostracods, the bivalves and the brachiopods. The
population interval is indicated by the first appearance of new species
of ostracods and brachiopods in the Elegantulum Subzone (Fig. 5).

4.2. Sierra Palomera section

The Sierra Palomera section has been studied along the Rambla del
Saltocreelk (Fig. 6) (Long.40° 37’ 20" N; Lat. 2° 27" 40" W), located north
of the Teruel town (Fig. 1 b). The lithostrasigraphical units cor-
responding to the uppermost Pliensbachian and the Lower—Middle

Fig. 6. General view of the Toarcian deposits, represented by the Turmiel Fm, in the
Sierra Palomera section. For scale, total thickness of the Turmiel Fm is near 65 m.

Toarcian are the same as the mensioned for La Almunia (Fig. 7). The
ammonite biostratigraphy, performed at the subzone scale, is based on
Comas-Rengifo et al. (1996} and Osete et al. (2007).

4.2.1. Stable isotope records

Stable isotope data at Sierra Palomera have been obtained from
belemnites and from bulk carbonates. However, belemnites are
extremely scarce above the Tenuicostaturn—Serpentinum zonal
boundary (the extinction boundary) and only a fragmented low-
resolution isotopic record from belemnite calcite can be observed
above this level. Variations of #'3Cpe and 820 as well as of the
8'3C,u and 8'80g, values recorded in this section and plotted
against the stratigraphical levels are shown in Fig. 7.

The 8'3Cy values clearly increase in the Tenuicostatum Zone and
tend to slightly decrease in the scarce values recorded in the
Serpentinum and Bifrons zones. This marks a prominent positive
excursion that is also recorded in the &'3Cqy. curve, showing peak
values around the boundary between the Elegantulum and the
Falciferum subzones. Within the positive excursion recorded in the
813C, . carbonates, a clear negative shift, located around the
Tenuicostatum —Serpentinum zonal boundary, isevident from several
samples.

The 8'%04; values progressively shift towards more negative
values in the Tenuicostatumn Zone and the scarce values above the
Tenuicostatum—Serpentinum zonal boundary tend to be more
negative than the values recorded below this boundary. Even the
8'80p, values, reflecting the burial diagenesis effect, show a similar
trend to the 8'80y; curve. Values tend to be more negative in the
Tenuicostatum Zone, reaching the peak of the negative excursion
close to the Tenuicostaturn—Serpentinum zonal boundary.

4.2.2. TOC values

TOC wt.% content of the Lower Toarcian marl beds reflects the lack
of organic carbon in this part of the section except for two samples
that returned values of up to 1.5 wt.% TOC (Fig. 7). These values are
much lower than the minimum values (5 wt.% TOC) to be considered

Plate 1. Uppermost Pliensbachian and 1 ower Toarcian ostracods from the la Almunia and the Sierra Palomera sections. 1. @gmoconchella adendiculata (Pietrzenuk, 1961). Right
valve. Hawskerense Subzone, SpinatumzZone. SP.168.45. Sierra Palomera section. 2. @gmoconchelia aff. ®. aspinata (Drexler, 1958). Left valve. Hawskerense Subzone, SpinatumZone.
SP.168.88. Sierra Palomera section. 3. Liasina lanceolata (Apostolescu, 1959). Left valve. Paltum Subzone, Tenuicostatum Zone. ADG.22.7. 1a Almunia section. 4. Ektyphocythere aff.
Ektyphocythere vitiosa (Apostolescu, 1959). Left valve. Paltum Subzone, Tenuicostatum Zone. ADG.22.11. 1a Almunia section. 5. Gramannella apostolescui (Gramann, 1962 ). Carapace.
Right lateral view. Peltum Subzone, Tenuicostatum Zone. ADG.14.7. La Almunia section. 6. Pleurifera harpa harpa (Klingler and Neuweiler, 1959). Left valve, Peltum Subzone,
TenuicostatumZone. ADG.14.5.1a Almunia section. 7.Kinkelinella sermoisensis (Apostolescu, 19589). Left valve. Semicelatum Subzone, TenuicostatumZone. SP.196.8. Sierra Palomera
section. 8. Trachycythere tubulosa tubulosa (Triebel and Klingler, 1958). Left valve Semicelatum Subzone, Tenuicostatum Zone. SP.196.8. Sierra Palomera section. Scale bars = 100 um

long.
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as black shale facies (Bates and Jackson, 1987; Kearey, 2001;
McArthur et al, 2008). The age of the thin intervals containing
organic carbon do not coincide with the negative 8'3C excursion
detected in bulk carbonates and is one biochron older than the slight
enrichment in organic matter recorded at La Almunia section. The
marls and the carbonates of the studied interval show bioturbated
fabrics, and no laminated layers have been observed.

4.2.3. Ostracods record

Stratigraphical distribution of ostracods at Sierra Palomera (Fig. 8)
shows a similar alternating numerical dominance of the cytheroids,
and the cytherellids and a clear turnover pattern in the Tenuicostatum
Zone as in the La Almunia section. From the 13 taxa that originated
below the Tenuicostatum—Serpentinum zonal boundary, which as at
La Almunia marks the extinction boundary, 10 taxa (77%) progres-
sively disappeared (Ogmoconchella adenticulata (Plate 1, Fig. 1} and
Ogmoconchella aff. O. aspinata (Plate 1, Fig. 2}, marking the extinction
interval, and three taxa survived the extinction event, marking the
survival interval. This interval partly coincides with the period during
which ostracods slowly recovered after the well marked extinction
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boundary. As a consequence, 5 new taxa had their FAD before the
Bifrons Subzone (Fig. 8).

Among the 10 species that disappeared before the Tenuicosta-
tum—Serpentinum transition, three of the most distinctive ostracod
species previously described in the Tenuicostatum Zone (Liasina
lanceolata, Gramannella apostolescui and Ektyphocythere aff Ekty-
phocythere vitiosa) are included, representing a significant renewal
period, when Cytheroidea became dominant, constituting 100% of
the total fauna in the Early Toarcian. As a result of the crisis, some
new cytheroids species ( Ektyphocythere anterocosta, Praeschuleridea
pseudokinkelinella, Trachycythere tubulosa tubulosa (Plate 1, Fig. 8))
together with Ektyphocythere bucki and Kinkelinella sermoisensis
(Plate 1, Fig. 7) became dominant in the Serpentinum Zone.

5. Discussion

To check that the 8'3Cy,; and 8'80y,; values can be interpreted as
reflecting the original marine signal, with no evidence of significant
diagenetic overprints, a cross-plot of the isotopic values has been
performed (Fig. 9). The cluster type of distribution can be interpreted

Fig. 8. Distribution of ostracods in the uppermost Pliensbachian and the lowerMiddle Toarcian deposits of the Sierra Palomera section. The mass extinction boundary is located
around the Tenuicostatum — Serpentinum zonal boundary. Zones abbreviations: SP — Spinatum. TEN — Tenuicostatum. VAR — Variabilis. Subzones abbreviations: HA —
Hawskerense. SE — Semicelatum. EL — Elegantulum. FA — Falciferum. SU — Sublevisoni. SM — Semipolitum. VA — Variabilis.



as indicative of no burial diagenetic overprint. However, the
diagenesis observed in the bulk carbonates, luminescent in the
cathodoluminescence microscope, is confirmed by the obtained iso-
topic values, which show a certain linear distribution around —3.5%.
PDB in the 880, values (Fig. 9).

5.1. Comparison of the 8°C records

Comparison of the 83Cye; and '3Cyyy curves obtained in the La
Almunia and in the Sierra Palomera sections, shows very similar
features (Fig. 10). The 8'3C,,; values tend to increase in the uppermost
Pliensbachian and in the lowermostToarcian. A notable increase starts
in the upper Paltum/Mirabile Subzone, representing the onset of the
remarkable positive excursion that develops up to the Falciferum
Subzone in the La Almunia section. As in many other European
sections, no evidence of a negative §'3Cy,; shift has been recorded in
the belemnite calcite of this interval.

The 8'3Cyy values also depict a significant positive excursion,
which is more evident in the carbonates of the Sierra Palomera
section. Peals recorded in 8'3Cg,e; at the La Almunia section and in the
#13Cy, i carbonates at Sierra Palomera show similar values, slightly
above 3%., and in both sections are recorded at the base of the
Falciferum Subzone. Within the positive excursion, a 0.3 to 1%
negative 83Cuuirc shift has been recorded in both sections. Neverthe-
less, both negative excursions are diachronous. The negative excur-
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Fig. 9. Cross-plot of $'30 and 8'>Cvalues, in%, PDB, obtained in belemnite calcite andin
bulk carbonate samples from the uppermost Pliensbachian and the Lower Toarcian
deposits in the La Almunia and in the Sierra Palomera sections. Most of the values
obtained from belemnite calcite are well grouped into a cluster type of distribution,
suggesting that they represent the original marine signal with lack of significant
diagenetic overprints. On the contrary, data obtained from bulk carbonates show a
preferential distribution around a value of — 3.5%, 8'*0, confirming the diagenetic
overprint observed under the cathodoluminescence microscope.

sion at Sierra Palomera starts near the Tenuicostatum—Serpentinum
zonal boundary and develops in the lower half of the Elegantulum
Subzone, while at La Almunia the onset of the negative shift occurs
slightly later and develops in the Elegantulum Zone.

5.2. Timing of the Early Toarcian &'>C excursions

The positive 8'3C excursion in the belemnite carbonate and, to a
lesser extent, in the bulk rock samples recorded in the studied
sections has also been reported from most European sections,
whether in bulk rock, in belemnite calcite, in marine organic matter,
and in wood (i.e. Jenkyns and Clayton, 1997, McArthur et al., 2000;
Rohl et al., 2001; Jenkyns et al., 2002; Hesselbo et al., 2007a,b; Gémez
et al,, 2008). However, the timing of the 8'3C peak does not coincide in
many of the considered sections of Europe at the ammonite zone/
subzone scale (Gémez et al., 2008). As a consequence, the peak of this
positive excursion should not be used as a chemostratigraphical
correlative level, unless its synchronism is demonstrated with inde-
pendent methods, such as magnetostratigraphy (Osete et al., 2007).

Many authors ascribe this shift to the response of water masses to
excess and rapid burial of large amounts of organic carbon rich in 12C
that led to enrichment in '3C of the inorganic carbon pool (Jenkyns,
1988; Jenkyns and Clayton, 1997; Schouten et al., 2000). Similar
interpretation has been made for other positive §'3C excursions, like
for the Cenomanian—Turonian positive &'3C excursion of northwest
Europe, which is related to increased rates of organic carbon burial
(Voigt et al, 2006). However, McArthur et al. (2000) explain the
positive '3C excursion as the local response to the burial of organic
matter and ebullition of isotopically heavy COz to the overlying water
column generated by methanogenesis of organic-rich deposits during
shallow burial. Nevertheless, it should be considered that this positive
excursion is also present in areas were no black shales were deposited.
Examples are the 8'3C records obtained in the sections studied here,
where no real black shale facies is present but the positive §'3C
excursion is recorded in belemnite calcite and in bulk carbonates. In
addition, the timing of the positive 8'3C excursion does not coincide
with the highest TOC values in many European sections (Parisi et al.,
1996; Jiménez et al., 1996; Jenkyns and Clayton, 1997; Bucefalo
Palliani et al., 1998; Duarte, 1998; Jenkyns et al., 2002; Schouten et al.,
2000; Rohl etal, 2001; Rosales et al., 2001; Gomez et al., 2008; Mailliot
et al., 2009), and in the sections presented here, as in many other
European sections (e.g. Hesselbo et al., 2007a), the positive &3C
excursion does not coincide with the presence of significant contents
in organic carbon.

Referring to the up to 8%, &'3C negative excursion reported in many
Lower Toarcian sections of NW Europe and Tethys, it has been recorded
in bulk carbonates (Jenkyns and Clayton, 1997; Jenkyns et al., 2002;
Schouten et al., 2000; Rohl et al., 2001; van de Schootbrugge et al., 2005;
Tremolada et al., 2005; Hesselbo et al., 2007a,b; Gomez et al., 2008;
Hermoso et al., 2009) and in organic matter (Jenkyns et al., 2001; Kemp
etal., 2005; Hesselbo et al., 2007a,b; Réhl et al.,, 2001), but this negasive
$'3C excursion seems to be diachronous with respect to the ammonites
zonal scale (Gomez et al., 2008} and has not been clearly recorded in
belemnite calcite (Salen et al., 1996; McArthur et al., 2000; van de
Schootbrugge et al., 2005; Wignall et al., 2005, 2006; McArthur, 2007;
McArthur et al., 2008; Gomez et al., 2008; this work) suggesting to
some authors that its global character is questionable (van de
Schootbrugge et al., 2005).

5.3. Comparison of the &30 records and palaeotemperature calculation

Comparison of the &'°0 curves obtained in the two studied
sections shows remarkable similarities (Fig. 11). From the slightly
negative values recorded in the lowermost Toarcian, values are
progressively more negative towards the top of the Tenuicostatum
Zone. Coinciding with the Tenuicostatum—Serpentinum zonal
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boundary (extinction boundary), a sudden and pronounced decrease
in the &'%0 values marks a noteworthy negative excursion that
develops up to the Bifrons Subzone. The negative excursion is well
marked in the La Almunia section, but only one belemnite was studied
from this interval in the Sierra Palomera section. Bulk carbonates at
Sierra Palomera still retain some of the original signal of the negative
excursion, although the 8'%0y,. values clearlyreflect the influence of
the diagenetic overprint.

The Early Toarcian curve of seawater palaeotemperaturevariations
in the two studied sections (Fig. 12a) was obtained by plotting the
palaeotemperature values, calculated using as a proxy the &'80p
obtained values, against the ammonites zones and subzones.

For palaeotemperature calculation, it has been assumed that the
$'80values, and consequently the resultant curve, essentially reflects
changes in environmental parameters (Salen et al., 1996; McArthur
et al, 2007), based on the assumption that the sampled non-
luminescent biogenic calcite of the studied belemnite rostra precip-
itated in equilibrium with the seawater; that the biogenic calcite
retains the primary isotopic composition of the seawater, and that the
sampling bias, vital effects, skeletal growth and belemnite migration
are not the main factors responsible for the obtained variations. The
isotopic study of five different species of recent cuttlefish (Sepia sp.),
the closest organisms to belemnite in current oceans, from seven
different regions, evidenced that &'%0 values reflect the temperature
of their habitat perfectly and that high salinity changes show no
marked effect on the oxygen isotope signal of the cuttlebone (Rexfort
and Mutterlose, 2009). These data support the reliability of the use of
belemnite calcite as a proxi for palaeotempearature calculation, and
its independence from salinity.

At the uppermost Pliensbachian Spinatum Zone, the palaeotem-
peratures obtained from the La Almunia section show relatively low
values (13.2 °C), which are similar to those obtained by Rosales et al.
(2004) in the Basque —Cantabrian Basin in Northern Spain, by Bailey
et al. (2003) in Germany, and by Gémez et al. (2008} in central and

northern Spain, indicating a relatively cool interval for the uppermost
Pliensbachian —lowermost Toarcian.

The lowermost Toarcian Tenuicostatum Zone recorded marked
oscillations of seawater temperature, but the overall temperatures
tend to a progressive warming. The average palaeotemperatures,
calculated from &80, values, measured during the Tenuicostatum
Biochron was 163 °C at La Almunia section and slightly lower
(14.6 °C} at the Sierra Palomera section. However, at the top of the
Tenuicostatum Zone, average temperatures of 18 °C with peak values
up to 20.8 °C were reached, marking a first warming stage.

A remarkably rapid warming started around the Tenuicosta-
tum—Serpentinum zonal boundary. Average temperature rose to
22 °C during the Serpentinum biochron and up to 24.7 °C as an
average during most of the Bifrons Biochron. That represents a AT
in the order of 5.7 °C during the Serpentinum Biochron and about
8.4 °C during the Bifrons Biochron, with respect to the tempera-
tures recorded in the latest Pliensbachian—earliest Toarcian cool
interval. During this warming episode, peak values of up to 29 °C
were occasionally reached at La Almunia.

For a calculated palaeolatitude of Madrid of about 35—36° N
during the Toarcian (Osete et al., 2000, in press) (Fig. 13 a, b}, average
palaeotemperatures reached during this warming interval were in the
order of 5—8 °C higher than in the present-day oceans at a similar
latitude (NOAA) but lower than the palaeotemperatures calculated for
the Early Jurassic from climate modelling (Chandler et al., 1992).

5.4. Links between warming and ostracods extinction event

Detailed research of modern regional distribution of ostracods
species from marine environments indicate that their distribution is
strongly influenced by the water mass physico-chemical (e.g.
temperature, salinity, nutrients, dissolved oxygen, etc) and substrate
features (Benson et al., 1983; Whatley, 1988; Dingle and Lord, 1990;
Cronin et al, 1994, 1995, 2002; Ayress et al., 2004). The close
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relationship between ostracods diversity and seawater temperature
has been evidenced in other time intervals. As an example, in the Late
Cretaceous of southern England, Slipper (2005) found that the high
diversity of ostracods is related to regressive and cooler conditions
and that the low diversity of these organisms is linked to deeper and
warmer waters. Also Cronin (1991) used ostracods to estimate
summer and winter ocean temperatures in the Late Pleistocene and
Middle Pliocene of northwestern Atlantic.

Salinity is the main control, and very different assemblages are
obtained in marine, brackish and freshwater environments (De
Deckker and Forester, 1988). The ostracods found in the uppermost
Pliensbachian —Lower Toarcian deposits of the Iberian Range are fully
marine species and did not show any morphological features that
allow considering changes in salinity (Arias, 2007, 2008). Water
temperature is known to be one of the main factors controlling the
ostracods distribution, and changes of water temperature in the past
can also be reflected in the fossil ostracods assemblages (Arias, 2007 ).
The cross plot of the Early Toarcian curnulative First Appearances
Daturmn (FADs) and Last Appearances Datum (1.ADs) of the different
ostracods taxa against the ammonites zones and subzones and the
seawater palaeotemperature curve (Fig. 12b}, shows that at the onset
of the Toarcian, the difference between the cumulative number of
FADs and 1ADs is not very pronounced. However, as seawater
temperature rose, the number of L.ADs substantially increased and
the cumulative number of disappearances became progressively
much higher than the cumulative number of new appearances. The
difference between both values reaches its maximum value around

the Tenuicostatum—Serpentinum zonal transition, representing a
severe decline in diversity that marks the extinction interval.

Above the extinction boundary, the cumulative number of LADs
tend to stabilize, showing a vertical trend (Fig. 12b), while the number
of new appearances continues to grow, representing the population
interval and hence the recovery of the ostracods assemblages that
inhabited the Iberian platform system. At the onset of this recovery
interval, the cumulative number of FADs is still lower than the number
of . ADs, but the difference tends to decrease during the Serpentinum
Biochron, except for the top of this interval, where a new marked
increase in the number of disappearances occurred. At the Middle
Toarcian Bifrons Zone, a new gradual diversification took place,
although it did not compensate for the previous decline. The marked
parallelism between the calculated seawater temperature and the
ostracods 1.ADs and FADs curves strongly supports the link between
the recorded Early Toarcian warming and the mass extinction,
illustrated here by the distribution of ostracods (Fig. 12b).

5.5. Paleogeography, migration routes and ostracods mass extinction

Through the Early —Middle Pliensbachian, a continuous arrival of
Tethyan ostracod faunas into the European epicontinental sea (EES)
occurred, marking a maximum of the Tethyan influence. The cooling
interval recorded in the Late Pliensbachian and in the earliest Toarcian
represented the end of invasion of Tethyan ostracod faunas into the
EES, but a continuous southward expansion from the northern parts of
the EES into the Iberian platform system was clearly recorded (Arias,



2007). As a preliminary hypothesis, the earliest Toarcian cooling
intervals could have possibly been enhanced by the action of
southwards currents following the predominant wind and currents
direction trough the transcontinental Laurasian Seaway, as modelled
by Bjerrum et al. (2001) and Arias (2007) (Fig. 13a). This would
favour the arrival of cold waters from the Artic to the lower latitudes
where the Iberian platform systen was located, favouring the
expansion of the ostracod faunas from the northern part of the EES
and the cooling of the water masses (Arias, 2007).

However, during the subsequent Early Toarcian warming interval,
these southward currents impeded the northward migration of the
ostracods towards cooler waters and, as a consequence, this faunistic
group, as well as many other groups, suffered a progressive
disappearance that resulted in massive extinction. This faunal
turnover specially affected communities of benthic organisms, but
also the nektonic organisms, such as the ammonites (Cecca and
Macchioni, 2004), were severely affected by this climate change. The
calculated increase in temperature during the earliest Toarcian
Tenuicostatum Biochron, of a duration of 300 kyr (Ogg, 2004) was
responsible for a dramatic decrease in the number of taxa of
ostracods at the Iberian platform system that varies between the
77% detected in the Sierra Palomera section and the 85% calculated
for the La Almunia section. This remarkable loss supports a plausible
cause/effect relationship between rapid warming and the ostracod
mass extinction.

As faunal extinctions in the marine realm occurred at a broad time
scale near the time of deposition of black shale organic-rich facies
marking the ETOAE, many authors have indicated that this event may
represent the acme of a long-term environmental crisis that affected
the benthic fauna (Little and Benton, 1995; Harries and Little, 1999;
Palfy and Smith, 2000; Wignall, 2001; Cecca and Macchioni, 2004;
Wignall et al., 2005, 2006; Arias, 2007, 2008). Nevertheless, no
synchronism between the extinction event and the possible indicators
of anoxia in the studied part of the Iberian platform system were
found. The laminated black shale facies, indicating anoxic conditions,
were well developed in central Europe, probably as a result of euxinia
due to water mass stratification having a lower-salinity surface layer
(McArthur et al., 2008). However, in the Iberian platform system and
in many other parts of southern Europe and northern Africa,
carbonate deposits are bioturbated, indicating well oxygenated
environments (Savrda and Bottjer, 1986; Kemp, 1996) and did not
developed organic-rich deposits except for local and ephemeral sub-
basins, where TOC values are commonly lower than 1 wt.% (Fig. 13b).
The two samples containing more than 1 wt.% TOC found at the Sierra
Palomera section correspond to the lowermost Toarcian Mirabile
Subzone and to the transition between the Mirabile and Semicelatum
subzones. That means that the deposition of organic matter took place
about 100 kyr before the extinction boundary. As a consequence, no
direct cause/effect can be established between the possible anoxic
conditions and the mass extinction. In addition, the ETOAE cannot
explain why the incursion of the Tethyan ostracod faunas into the EES
ceased or why the direction of ostracod migration changed (Arias,
2007).

Similar results are obtained when comparing the clearlydiachronous
age of the onset and termination of organic-rich black shale deposition
at the ammonite zone and subzone scale in the UK (Wignall et al., 2005)
and therelatively organic fades (<5 wt.3TOC) in the different European
sub-basins (Gomez et al., 2008), which only occasionally coincides with
the extinction boundary. Deposition of bituminous facies ended before
the Tenuicostatum—Serpensinum extnction boundary in the Umbria-
Marche Basin of Central Italy (Bartolini et al., 1992; Monaco et al., 1994;
Parisi et al.,, 1996; Bucefalo Palliani et al., 1998; Mattioli et al., 2004;
Mailliot et al., 2006}, in the IonianBasin of Greece, (Pettinelli et al., 1997)
and in the Basque —Cantabrian Basin of Northern Spain (Comas-Rengifo
etal., 1988; Rosales et al., 2004; Tremolada et al., 2005). On the contrary,
deposition of the black shale facies started slightly before the extinction

boundary in many other areas as in Yorkshire of the UK (Howarth, 1962;
Little and Benton, 1995; Hesselbo and Jenkyns, 1995; Selen et al., 1996;
Harries and Little, 1999; Jenkyns, 2003; Wignall et al., 2005; Kemp et al.,
2005; Hesselboetal., 2007a), in southwestern Germany (Schouten et al.,
2000; Rohl et al., 2001; Schmid-Rohl et al., 2002) and developed after
the extinction interval. In Asturias in northern Spain, a thin lami-
nated interval containing <5 wt.% TOC develops around the
Tenuicostatum—Serpentinum extinction boundary, but the extinc-
tion interval is recorded in bioturbated facies (G6mez et al., 2008). It
seems clear that a cause/effect relationship cannot be established
between the onset of anoxia (deposition of laminated black shale
facies) and mass extinction. In addition, the mass extinction has
been recorded in many areas where no laminated black shale facies
were deposited, like the examples presented here (Fig. 12b), where
bioturbated deposits do not show evidences of anoxic conditions,
and in the areas were laminated black shale facies are present, they
postdate the extinction interval. Within the difficulties inherent to
interpret the origin of the Early Toarcian mass extinction, presented
data points to warming, and the subsequent effects derived from the
increase in temperature, as the main cause of extinction, while
global anoxia can be discarding as the overall reason for the Early
Toarcian biotic crisis.

6. Conclusions

Data presented in this work provide a record of the latest
Pliensbachian and the Early Toarcian seawater palaeotemperatures
of the Iberian platform system. Palaeotemperatures measured in
diagenetically screened belemnites from the uppermost Pliensba-
chian Spinatum Zone of about 13 °Cin the La Almunia section, 12 °Cin
the Basque —Cantabrian Basin (Rosales et al, 2004) and 11.6 °C at
Asturias (Gomez et al., 2008) can be considered low for a
palaeolatitude of central Spain of about 35° during the Toarcian
(Osete et al,, 2000, in press). Close coincidence of low oceanic
palaeotemperatures recorded in the UK and in Germany (Bailey et al.,
2003) as well as in Spain (Rosales et al., 2004; Gémez et al., 2008; this
worl) confirm that the latest Pliensbachian and the earliest Toarcian
represent a relative cool interval.

The seawater temperatures for the Iberian platform system started
a progressive but marked increase during the Tenuicostatum
Biochron, when average temperatures of 16.3 °C in the La Almunia
section were reached. That represents a AT of 3 °C in about 300 kyr.
During the Early Toarcian Tenuicostatum Biochron, coinciding with
the onset of the warming interval, a dramatic decrease in the number
of taxa of ostracods, of 77% (Sierra Palomera section) and 85% (La
Almunia section), marked the extinction interval. The warming
process accelerated around the Tenuicostatum—Serpentinum zonal
boundary, coinciding with the extinction boundary. During the
Serpentinum and most of the Bifrons biochrons, average temperatures
0f24 °Cin the La Almunia section were recorded. These temperatures
can be considered as higher than the temperatures recorded in similar
latitudes of the current oceans (20—21 °C according to NOAA) for the
palaeolatitude of Iberia during the Toarcian. Evaluation of the values
obtained in the studied sections, indicates that no other intervening
factors, like a salinity increase, which would produce lower §'20
values and hence higher apparent temperatures, are needed to
explain the recorded temperatures. Indeed, no significant changes in
salinity are reflected by the ostracods during the considered time
interval in the surveyed area.

Thetotalrecorded ATfrom theTenuicostatum to the Bifrons biochrons
isin the order of8 °Cin the La Almunia section, which supports a plausible
cause/effect relasionship between climate change and mass extincaon.
The rapid warming that occurred through the Tenuicostatum Zone and
amplified around the Tenuicostatum—Serpentinum zonal boundary,
which was synchronously recorded at least in the different areas of
Westemn Europe, represented a dramatic change in the environmental



conditions that seriously damaged the populations of diverse or-
ganisms. The crisis affected many benthic but also nektonic or-
ganisms and pelagic producers (Mattioli et al, 2009), as the
significant increase in temperature probably surpassed the temper-
ature tolerance of numerous species that thrived in the cooler waters
of the latest Pliensbachian. The progressive warming provoked the
gradual disappearance of numerous taxa of ostracods and many
other faunistic groups. The prevalence of southwards winds and
currents in the Laurasian seaway (Chandler et al., 1992; Bjerrum
et al., 2001; Arias, 2007) may have impeded the migration of the
ostracods towards cooler waters located north of the Iberian platform
system, as indicated by the predominant southwards migration
routes detected in this area for the Early Toarcian ostracods (Arias,
2006, 2007).
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