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The Early Jurassic was characterized by a global disturbance of the carbon cycle known as the Toarcian Oceanic
Anoxic Event (T-OAE). This event is recorded worldwide by a negative excursion in marine and terrestrial
carbon-isotope ratios, typically interrupting an overarching positive trend attributed to large-scale burial of
marine organic matter under oxygen-depleted conditions. The negative excursion is attributed to introduction
of isotopically light carbon into the ocean–atmosphere system. Three sections from the Ionian Zone in Greece
have been analysed in terms of biostratigraphy, Total Organic Carbon (TOC), CaCO3, δ13Ccarb, δ18Ocarb and
δ13Corg. On the basis of bio- and chemostratigraphy, the age of Pliensbachian–Toarcian formations from the Ionian
Zone inGreece has been refined and the geochemical signature of the T-OAE recognized. All sections illustrate the
characteristic negative excursion in carbon isotopes from both carbonates and organic matter and, in only one
locality, a positive excursion has also been recorded. The recognition of the T-OAE in this part of the Tethyan
continental margin offers additional information on the global impact and amplitude of this important Jurassic
palaeoceanographic event.

© 2013 Published by Elsevier B.V.
1. Introduction

The Toarcian Oceanic Anoxic Event (T-OAE) constitutes one of the
most dramatic climatic events of the Mesozoic Era (Jenkyns, 1988),
and caused perturbation in the global carbon (Hesselbo et al., 2000)
and sulphur cycles (Gill et al., 2011; Newton et al., 2011). The event
is marked by enhanced marine carbon burial (Jenkyns, 1985, 1988,
2010; Sabatino et al., 2009; Kafousia et al., 2011) and coincides with a
negative excursion in carbon isotopes interrupting an overarching pos-
itive trend. The carbon-isotope excursion (CIE) has been recorded in
different materials, such as terrestrial wood (Hesselbo et al., 2000;
Hesselbo et al., 2007; Al-Suwaidi et al., 2010), marine organic matter,
pelagic and shallow-water carbonate (Jenkyns and Clayton, 1986; van
Breugel et al., 2006; Suan et al., 2008; Woodfine et al., 2008; Sabatino
et al., 2013). The isotopic response was registered in the European epi-
continental seaway (Sælen et al., 1996; Jenkyns and Clayton, 1997; van
de Schootbrugge et al., 2005a), southern Tethyan margin exposed in
central Italy (Jenkyns and Clayton, 1986; Mattioli et al., 2004; Sabatino
et al., 2011), North Africa (Bodin et al., 2010); Pindos Zone of Greece
(Karakitsios et al., 2010; Kafousia et al., 2011), Palaeo-Pacific/Japan
(Gröcke et al., 2011), Neuquén Basin, Argentina (Al-Suwaidi et al.,
2010; Mazzini et al., 2010), Canada (Caruthers et al., 2011), and Siberia
(Suan et al., 2011; Fig. 1A & B).

This oceanic anoxic event was associated with global warming
(Bailey et al., 2003; Jenkyns, 2003; Suan et al., 2008), mass extinction
vier B.V.
(Little and Benton, 1995; Wignall, 2001) and probable ocean acidifica-
tion (Hermoso et al., 2012; Hönisch et al., 2012; Trecalli et al., 2012).
The causes for this event are still under debate, with most plausible
explanations related to introductions of high nutrient loads into the
oceans under conditions of an accelerated hydrological cycle stimulat-
ing plankton productivity and carbon flux to the sea floor (Jenkyns,
2010). A phenomenon accompanying the increase in organic-matter
deposition was introduction of isotopically light carbon into the
ocean–atmosphere system from the dissociation of methane hydrates
and/or hydrothermal venting of greenhouse gases (Hesselbo et al.,
2000; Svensen et al., 2007).

The Toarcian sediments that have already been studied in detail
from Greece belong to the Pindos Zone (Kafousia et al., 2011): a deep-
sea ocean-margin basin that formed in mid-Triassic times along the
northeastern part of Apulia. In this paper, we present biostratigraphical
(calcareous nannofossils) and geochemical (wt.% TOC, wt.% CaCO3,
δ13Ccarb, δ18Οcarb and δ13Corg) data from three sections from the Ionian
Zone, a marine basin that constituted part of the southern Tethyan
margin (Bernoulli and Renz, 1970). All three sections belong to the
same palaeogeographic zone but present several differences, mainly
because they belong to different sub-basins, each of which had its
particular palaeogeographic characteristics.

2. Geological setting and stratigraphy

The Ionian Zone of northwestern Greece (Epirus region) constitutes
part of the most external Hellenides (Paxos Zone, Ionian Zone, Gavrovo
Zone; Fig. 1C). These zones correspond to the Hellenic domain of the
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Fig. 1. A & B: Palaeoceanographic map of Pliensbachian–Toarcian boundary (modified from Dera et al., 2011). Si: Siberia, JP: Japan, QE: Queen Elizabeth Islands, Canada, AR: Argen a, GS: Greenland–Spitsbergen, Sc: Scotland, NW: NW Europe, CB:
Carpathian–Balkan areas, PB: Paris Basin, Mk: Meksek, Hungary, SNW: North of NWEurope, Lu: Lusitanian Basin, AA: Austro- and southern Alpine regions, Al: Apennines, Ionian i ds, PC: Peloritanian–Calabrian regions, TS: Tunisia, Sicily, SW: SW
Tethys, HA: High Atlas, Morocco, Io: Ionian Zone, Greece, Pi: Pindos Zone, Greece. C: simplified geological map of Greece. D: geological map of the studied sections.
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southern passive continental margin associated with Early Mesozoic
opening and late Mesozoic–Early Cenozoic closure of the Neotethys
Ocean (Laubscher and Bernoulli, 1977; Karakitsios, 1992, 1995). The
rocks represented in the Ionian Zone range from Triassic evaporites
through a varied series of Jurassic to Upper Eocene mixed carbonate–
siliciclastic–siliceous sediments, overlain by Oligocene turbidites and
shales (locally termed “flysch”). In the Early Jurassic, northwestern
Greece was covered by a vast carbonate platform (Bernoulli and Renz,
1970; Walzebuck, 1982; Karakitsios, 1992, 1995). In the Pliensbachian,
the area of study was affected by extensional tectonics related to the
opening of the Neotethys Ocean (Karakitsios, 1995). These stresses
caused the differentiation of the Ionian Zone from the adjacent Paxos
and Gavrovo Zones (Karakitsios, 1992, 1995). While the latter Zones
remained as carbonate platforms, the Ionian basin became an area
of strong subsidence and faulting with the development of pelagic
conditions (Karakitsios, 1995). This palaeogeographic evolution is
recorded in the pelagic Siniais Limestone and the laterally equivalent
Louros Limestone of Pliensbachian Stage (Bernoulli and Renz, 1970;
Walzebuck, 1982; Karakitsios and Tsaila-Monopolis, 1988; Karakitsios,
1992; Dommergues et al., 2002).

The initial formation of the Ionian basin was followed by an internal
differentiation into smaller palaeogeographic sub-basins (Walzebuck,
1982; Baudin et al., 1990; Karakitsios, 1995;) with half-graben geo-
metry, generally not exceeding 5 km in width (Karakitsios, 1995). This
complex palaeogeography resulted in abrupt changes in thickness
of the syn-rift formations, which take the shape of syn-sedimentary
wedges (Karakitsios, 1992, 1995). In the deeper parts of the half-
grabens, these include complete Toarcian–Tithonian successions
comprising from base to top: lower Posidonia Beds or Ammonitico
Rosso of Toarcian–Aalenian Stage (Aubouin, 1959; IGRS-IFP, 1966;
Baudin et al., 1990; Karakitsios, 1992), Limestone with Filaments
of Bajocian–Callovian Stage (Karakitsios et al., 1988) and the upper
Posidonia Beds of Callovian–Tithonian Stage (Karakitsios et al.,
1988). In the shallower parts of the half-grabens, the succession is
interrupted by hiatuses and unconformities. The directions of syn-
sedimentary structures (e.g. slumps and syn-sedimentary faults) in-
dicate that deposition was controlled both by structures formed dur-
ing extension related to the opening of the Neotethys Ocean and the
halokinesis of evaporites at the base of the Ionian Zone succession
(Karakitsios, 1992, 1995). This particular geometry of the restricted
sub-basins that were formed during the syn-rift period of the Ionian
Zone may have favoured increased organic-matter burial during the
Toarcian–Tithonian interval (Karakitsios, 1995; Rigakis and Karakitsios,
1998; Karakitsios and Rigakis, 2007). Toarcian black shales in the Ionian
Zonewere described first by Renz (1910), who compared themwith the
Posidonienschiefer of Germany, and sedimentological details were
given by Walzebuck (1982). In this paper we demonstrate that these
Lower Toarcian organic-rich laminated black shales deposited in differ-
ent palaeogeographic environments are represented in all the Ionian
sub-basins and record a global rather than a local event.

2.1. Toka section

The Toka section (39°23′N, 20°50′E), described by Karakitsios
(1992), is located W-NW of Ano Kouklessi village in the prefecture
of Ioannina. The outcrop is of excellent quality and shows, in strati-
graphic continuity, the Siniais Limestone, Toka Shales and marly
Ammonitico Rosso (Fig. 1D). The sampled section begins in the
uppermost metres of Sinais Limestone, comprising grey limestones
with intercalations of green-grey marls. The section continues
with 11 m of blue laminated marls, intercalated between black shales
and marly limestones (Toka Shales), 9 m of marly Ammonitico Rosso
(red marls alternating with greenish marly limestones) and ends in
the first few metres of nodular Ammonitico Rosso (nodular limestones
with green nodules, red marly matrix and intercalations of thin red
marls).
2.2. Petousi section

The Petousi section (39°30′N, 20°35′E), also described by Karakitsios
(1992), is located around 2 km WSW from Petousi village, south of the
Petousi–Paramithia road, in Thesprotia prefecture. The studied outcrop
is also of excellent quality even though it is locally covered by vegeta-
tion. The section (Fig. 1D) begins with the uppermost metres of the
Siniais Limestone (white to grey limestones, with thin layers of black
shales intercalated in its upper part). The outcrop continues with undif-
ferentiated Posidonia Beds, which begins with 10 m of black shales
followed by a yellow-green chert rich in Posidonia (Bositra buchi).

2.3. Chionistra section

The geology of the area was first described by Walzebuck (1982).
The specific section of Chionistra (39°32′N, 20°30′E), has been
described by Karakitsios (1992). It is located around 1 km SW of
Elataria village in Thesprotia prefecture. The outcrop (Fig. 1D) begins
in the uppermost metre of the Siniais Limestone (well-bedded
limestones with nodular intercalations) and continues with 17 m
of lower Posidonia Beds. In the lower part of this formation fossil
remains of the conifer Brachyplyllum nepos SAPORTA has been
found that indicates a tropical environment (Karakitsios, 1992,
1995; Karakitsios and Velitzelos, 1994). This section was sampled
at relatively low resolution with a total of 33 samples.

3. Methodology

A total of 227 samples (55 from Toka, 139 from Petousi, 33 from
Chionistra) were analysed for their wt.% TOC and wt.% CaCO3 con-
tents using a Strohlein Coulomat 702 analyser (details in Jenkyns,
1988). For carbonate carbon- and oxygen-isotope composition, 401
bulk sediment samples (157 Toka, 211 Petousi, 33 Chionistra) were
powdered and analysed using a VG Isogas Prism II mass spectrometer
(details in Jenkyns et al., 1994). For 386 samples (142 Toka, 97 Petousi,
33 Chionistra) organic carbon-isotope compositionwasmeasuredusing
a Europa Scientific Limited CN biological sample converter connected to
a 20–20 stable-isotope gas-ratio mass spectrometer (details in Jenkyns
et al., 2007). The above analyses were undertaken in the Department of
Earth Sciences and Research Laboratory for Archaeology in the University
of Oxford.

A set of 85 samples was investigated for the content of calcareous
nannofossils. Smear-slides were prepared from the powdered rock
according to the technique described in Bown and Young (1998),
then analysed in an optical polarizing Leitz microscope at ×1250.
Nannofossils were counted for each sample in a surface area of the
slide varying between 0.2 and 0.3 cm2 at the Laboratoire de Géologie
de Lyon, Université Lyon 1.

4. Results

4.1. Biostratigraphy

4.1.1. Toka section
Twenty-eight samples from the Toka section were studied for their

calcareous nannofossil content, as represented in Fig. 2. All the analysed
samples were relatively poor in nannofossils, and overall preservation
was poor. In spite of the limited preservation, species richness was
moderate to relatively high, especially in the Toka Shales. In general,
assemblage composition resembles what is recorded in Central Italy;
hence the zonal scheme of Mattioli and Erba (1999) was used for this
work. The base of the section (Siniais Limestone) was not analysed
for nannofossil content. The NJT 6 Zone was clearly identified based
on the presence of Carinolithus superbus from the base of the
analysed interval (basal part of the Toka Shales). The first occurrence
(FO) of Discorhabdus striatus, followed by the last occurrence (LO) of



Fig. 2. Calcareous nannofossil biostratigraphy of the Toka section. Because of the relatively poor nannofossil record, only the presence (black dot) or absence of various taxa is shown.
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Mitrolithus jansae and by the FO of Watznaueria fossacincta was
used to identify the subsequent NJT 7 Nannofossil Zone starting
at 11.60 m.

In addition, in sample TOK-80 (at 11 m in the section) an imprint
of an ammonite was found. This ammonite was identified by
Dr Lutomir Metodiev (Bulgarian Academy of Science) as Harpoceras
serpentinum (Schlotheim, 1983), belonging to the ammonite
subzone H. serpentinum, which corresponds to the lower part of the
ammonite ZoneHarpoceras falciferum (Metodiev, 2008). This ammonite
is recorded within the upper part of the Nannofossil Zone NJT 6 recog-
nized in the present work (s. supra). This integrated biostratigraphic
record is consistent with what has been reported form Central Italy
(Mattioli and Erba, 1999).

4.1.2. Petousi section
Twenty-four samples from the Petousi section were studied,

which show a diverse and relatively rich nannofossil assemblage,
although preservation is moderate to poor (Fig. 3). Schizosphaerella,
Mitrolithus jansae and some small Lotharingius (namely, Lotharingius
hauffii and Lotharingius frodoi) are the dominant forms in the assem-
blage. The base of the section, corresponding to the Siniais Limestone, is
dated asNJT 5b, because of the presence ofCalyculus spp. and Lotharingius
sigillatus. This Zone spans the Pliensbachian–Toarcian boundary. At
5.4 m, the FO of Carinolithus superbus is observed, testifying to the
presence of the NJT 6 Zone, which finishes at 9.8 m with the FO of
Discorhabdus striatus that marks the onset of the NJT 7 Zone.

4.1.3. Chionistra section
The thirty-three samples analysed from the Chionistra section are

relatively poor in terms of nannofossil abundance and preservation,
although all samples contain calcareous nannofossils, as can be
seen in Fig. 4. Typical Tethyan taxa, such as Mitrolithus jansae, domi-
nate the assemblage. The presence of Carinolithus poulnabronei and
Carinolithus superbus allows us to recognize the NJT 6 Zone, but its
lower and upper boundary remain uncertain because no biostratigraphic
event (first or last occurrence) could be identified in under- or overlying
strata.

4.2. wt.% Total Organic Carbon (TOC) and wt.% CaCO3

4.2.1. Toka section
The results for TOC and CaCO3 for the Toka section are represented

in Fig. 5. The TOC values are very low in the few samples analysed in
the lower part of the section. In the basal Toka Shales, TOC values
begin to rise, marking a positive excursion that reaches values up to
2.41 wt.%. At the top of this excursion, values return to background
and rise up again for the main positive excursion where values up to
5.15 wt.% are measured. After this maximum value, that is located
in the 7-metre level of the section, values drop sharply close to zero.
For the next 3 m, TOC values fluctuate between 0 and 1%. After that
and until the end of the section values are again close to zero.

The carbonate values are in general relatively high, with a mean
value of 41.99 wt.%. The percentage drops to very low values
(3.98 wt.%) in the black shales, but after the 8-metre level of the section,
values rise again. Above the 12-metre level, CaCO3 values fluctuate
above 60 wt.%.

4.2.2. Petousi section
TOC values in this section begin at very low values,~0–1 wt.%, in the

Siniais Limestone (Fig. 6). Values begin to rise in the basal levels of the
undifferentiated Posidonia Beds where there are black shales, with
TOC values rising to 4.86 wt.% over a 2-metre interval and defining a
positive excursion. After this peak, values are lower, although back-
ground values are not attained, fluctuating between ~0 and 3 wt.%.
CaCO3 values are in general high with very few exceptions. In the inter-
val of the positive TOC excursion, CaCO3 values are low, as also recorded
in the Toka section, and fall to 2.64 wt.%. Higher in the section, values
increase and fluctuate around a mean of 55 wt.%.



Fig. 3. Biostratigraphy of the Petousi section. Because calcareous nannofossil content is richer than in the two other sections, relative abundance per square surface unit was estimated.
Four abundance classes were defined: rare, frequent, common and abundant. These classes are represented by different sizes of black dots.
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4.2.3. Chionistra section
TOC in the Chionistra section begins with very low values,

~0.1 wt.%, and rises up to the 7-metre level of the section with no
particular trend or fluctuations between 0.1 and 1.6 wt.% (Fig. 7).
CaCO3 values are in general high, with mean values of 58.4 wt.%. In
the lower part of the section values are close to 70 wt.%, and remain
high up to the 7-metre level. Up-section they show considerable
variability, in general, staying high, with a few exceptions as low as
20 wt.%.

4.3. Stable-isotope ratios

4.3.1. Toka section
The overall trends in δ13Ccarb and δ13Corg at Toka are broadly similar

(Fig. 5), though the organic carbon-isotope data show ahigher degree of
scatter. Bulk-rock δ13Ccarb values are about 3‰ at the base of Siniais
Limestone. The values are stable up to the top of this formation, except
for a minor positive excursion of ~1‰. Passing to the Toka Shales, the
isotopic values drop to 0.5‰, then return to 2‰ and drop again to 0‰.
This negative excursion ends at the 10-metre level of the section.
A small positive excursion, which reaches values up to 4.5‰, follows
the negative excursion. δ13Ccarb values reach background values of
3.5‰ at the 15-metre level.

In the Siniais Limestone, organic carbon-isotope values are stable
at background levels of ~−26‰. In the basal Toka Shales, values
fall and define the negative excursion that spans the interval from the
3- to 8-metre level of the section where values drop to −32‰. Above
the 8-metre level in the section, values rise gradually till the top of
this formation at the 14-metre level. Up-section, values fluctuate
around background values of ~−26‰.
The δ18Ocarb profile begins with low values of −2.5‰ in the Siniais
Limestone. In the Toka Shales, values rise and fluctuate over 6 metres
of section. Stratigraphically higher in the section, nearly at the end of
the negative carbon-isotope excursion, δ18Ocarb records a negative
excursion that lasts for 1 m. This negative shift is followed by a return
to higher δ18Ocarb values. Higher in the section, values are stable and
fluctuate around 1.7‰.

4.3.2. Petousi section
Both carbonate and organic-carbon δ13C profiles show a small dis-

turbance at the 2-metre level of the section, as it can be seen in Fig. 6.
This, together with the small increase in the TOC profile and the bio-
stratigraphic data, indicates that this is the Pliensbachian–Toarcian
boundary. Above this boundary, isotopic values of bulk carbonate
remain stable around 1.3‰. The values show a marked ~1‰ decrease
half a metre above the NJT 5b/NJT 6 boundary. The negative excursion
spans less than 1 m. Values increase above this level. The positive
excursion that followsmay be of only ~1‰, but spans 11 metres. Higher
in the section, values decrease again.

Organic carbon-isotope data differ in some degree from carbonate
isotopic data in terms of their general profiles. Above the perturbation
in the lower part of the section, δ13Corg fluctuates around a background
value of−29‰. At the NJT5b/NJT6 boundary, values record the charac-
teristic negative excursion. Values fall by ~4‰ to ~−33‰. This excur-
sion spans 2 m of section. Up-section, values return to background
levels rising again to −30‰. Above this point, δ13Corg fluctuates be-
tween the 7 m and 9.5-metre level of the section where a positive
shift is recorded with values rising to ~−26‰. The positive excursion
also spans 2 metres of section. Above this level, values return to back-
ground levels of ~−29‰.



Fig. 4. Calcareous nannofossil biostratigraphy of the Chionistra section. The upper and lower boundaries of the NJT 6 Nannofossil Zone are uncertain.
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Oxygen-isotope values are more or less stable throughout the entire
section. Looking in detail, there are strong fluctuations up to the
Pliensbachian–Toarcian boundary. Higher in the section, values remain
stable until approximately the level of the major negative carbon-
isotope excursion, where δ18Ocarb reaches values as low as −4‰. After
that level, values are unstable and fluctuate between −5 and −2.5‰
until the 9-metre level of the section. From the 9-metre, and just below
the 20-metre level of the section, values are relatively stable at −2.5‰.
Above this level, and up to the top of the section, values decline to a
minimum value of −7.72‰.

4.3.3. Chionistra section
Despite being sampled at relatively low resolution, general

chemostratigraphic trends can be discerned in this section (Fig. 7).
Carbonate carbon-isotope values at the base of the section are around
1.8‰ and are followed by a negative excursion, spanning 8 mof section,
with values falling to 0.93‰. Following this excursion, values begin to
rise. From the 10.5- to the 16.5-metre level of the section, values record
a positive excursion with maximum value of 2.39‰. Above this level,
δ13Ccarb attains background values (~1.8‰) to the top of the section.

Organic carbon-isotope data record a small negative excursion in the
first metre of the section; the minimum value attained is −33.14‰.
Higher in the section, values increase and then decrease again.
This second negative excursion displays values down to −31‰ up
to the 8-metre level of the section. Above this, values fluctuate
around −27‰, continuing to the top of the section.

Oxygen-isotope values do not follow any particular trend and
fluctuate between −2.57 to −1.82‰ throughout the entire section.
5. Discussion

5.1. Biostratigraphy and chemostratigraphy

Examination of nannofossils from the Ionian Zone gives direct
and detailed biostratigraphic control for these formations. Here we
confirm the Toarcian Stage of the marls at the base of Ammonito
Rosso (Toka Shales), the lower Posidonia Beds and the lower part of
the undifferentiated Posidonia Beds.

The upper part of the Siniais Limestone belongs to Subzone NJT 5b
Lotharingius sigillatus, spanning the Upper Pliensbachian–Lower
Toarcian interval (Mattioli and Erba, 1999; Mattioli et al., 2009), as
can be seen from the Petousi biostratigraphic data. In the same sec-
tion there is also a small negative followed by a small positive excur-
sion in carbonate carbon-isotopic data. The combination of these two
stratigraphic indices indicates that the Pliensbachian–Toarcian
boundary is recorded in the uppermost metres of the Siniais Lime-
stone of the Petousi section. Because a similar event has been recog-
nized in other European sections, the small negative carbon-isotope
excursion likely represents an event of global significance: in many
areas the amplitude of the Pliensbachian–Toarcian boundary nega-
tive excursion is equal to that of the main excursion in the Early
Toarcian (Hesselbo et al., 2007; Sabatino et al., 2009; Bodin et al.,
2010; Littler et al., 2010; Kafousia et al., 2011). A small hiatus or
level of stratigraphic condensation in the other sections from the Ionian
Zone is not excluded at the Pliensbachian–Toarcian boundary, as
already observed in several western Tethys sections (central Italy,
Mattioli et al., 2004; NE France, van Breugel et al., 2006; S France,



Fig. 5. Lithostratigraphic log, bulk TOC, δ13Ccarb, δ13Corg wt.% CaCO3 and δ18Ocarb profiles through the Toka section (analytical data in S1).
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Mailliot et al., 2009; SE France, Léonide et al., 2012; Portugal, Suan et al.,
2010).

The lower part of the overlying formation (Toka Shales, undiffer-
entiated Posidonia Beds or lower Posidonia Beds) belongs to the
Nannofossil Zone NJT 6 Carinolithus superbus. This Zone is encapsulated
in the ammonite Zones polymorphum/tenuicostatum and levisoni/
Fig. 6. Lithostratigraphic log, bulk TOC, δ13Ccarb, δ13Corg, wt.% CaCO3 and
serpentinus in Tethyan sections where ammonite biostratigraphy
is available (Mattioli and Erba, 1999; Mattioli et al., 2009). This
stratigraphic assignment is further confirmed by the presence of the
ammonite Harpoceras serpentinus in the sample TOK-80.

When correlating biostratigraphy and chemostratigraphy between
the three sections from the Ionian Zone, it appears that the
δ18Ocarb profiles through the Petousi section (analytical data in S2).



Fig. 7. Lithostratigraphic log, bulk TOC, δ13Ccarb, δ13Corg, wt.% CaCO3 and δ18Ocarb profiles through the Chionistra section (analytical data in S3).
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main negative carbon-isotope excursion and the TOC enrichment
correspond to the NJT 6 Zone, as already shown for many sections
in western Tethys (Mattioli et al., 2009). In the higher levels of the
sections, the facies differ. In the Toka section, the Toka Shales pass
upward to the marly Ammonitico Rosso that corresponds to the
NJT 7a Subzone Discorhabdus striatus, spanning the interval from
the upper part of the Lower Toarcian to the top of the Middle
Toarcian (Mattioli and Erba, 1999). In the Petousi section, the base
of the NJT 7a Subzone occurs within the organic-rich black shales.
Chionistra is more difficult to interpret in terms of biostratigraphy,
but it seems that the NJT 6 Zone spans the whole section, although
the exact positions of the base and the top of the Zone are uncertain.

5.2. Organic matter content

Total organic-carbon values in the Ionian Zone are comparable with
coeval Tethyan sections. In the Toka and Petousi sections, TOC values
over the interval of the negative carbon-isotope excursion reach values
up to ~5%. These values are similar to those in certain pelagic sections
from the Southern Alps of Italy (Jenkyns et al., 2001; Pancost et al.,
2004; Jenkyns, 2010). Conversely, TOC values from Chionistra are
lower, only attaining ~2%. These values are similar to those recorded
from the central Apennines of Italy and some other sections in the South-
ern Alps (Bellanca et al., 1999; Mattioli et al., 2004; Sabatino et al., 2011).

A difference is observed between the Toka and Petousi sections;
in the former TOC values are high only in the interval corresponding
to the negative carbon-isotope excursion whereas, in the latter,
values approach 0% in the interval preceding the CIE, and at higher
levels fluctuate between 0 and 2%. This difference must indicate
some degree of local control on palaeoenvironmental conditions.

5.3. Recognition of the Toarcian Oceanic Anoxic Event in the Ionian Zone

Toarcian organic-rich shales in the Ionian and Pindos Zones of
Greece were attributed to the Toarcian Oceanic Anoxic Event (T-OAE)
by Jenkyns (1988), based on general stratigraphic considerations.
The chemo- and biostratigraphic data presented here indicate that
this interpretation was correct. The biostratigraphic data place the
described sections between the Upper Pliensbachian and the Lower
Toarcian Stages and the geochemical data confirm the exact level of
the Pliensbachian–Toarcian boundary and the Toarcian Oceanic Anoxic
Event, particularly in the two sections sampled at high resolution. In
all sections the NJT 6 Zone coincides with a negative excursion in the
carbon-isotope record as well as with a positive excursion in TOC that
is the defining characteristic of the T-OAE.

5.4. Carbon-isotope trends and timing

One of the most significant features of the T-OAE in the Ionian
Zone is the perturbation of the carbon-isotope trend. The carbon-
isotope excursions of the two high-resolution sections (Toka and
Petousi) reveal differing trends. The pattern is different not only
between the sections but also between the carbonate and organic
carbon-isotopes. The organic matter has an isotopic composition
slightly different in the two sections, although the analysis of the
OM is behind the scope of this paper. The negative CIE in the Toka
section in both carbon-isotopes spans an interval of ~6 m. The nega-
tive excursion in the carbonate carbon-isotope record is followed by
a small positive excursion that does not exist in the organic carbon-
isotopes. In Toka, the amplitude of the negative CIE is ~−4‰ in
δ13Ccarb and ~−7‰ in δ13Corg. The inequality in amplitude of the
excursions in carbonate and organic matter is a phenomenon
seen in many but not all Toarcian sections (Hermoso et al., 2009;
Jenkyns, 2010) and has been attributed to different fractionation
effects of biological components, changes in atmospheric content of
CO2, seawater composition and diagenesis. It is notable that in the
Toka section the amplitude of the negative CIE is similar to that
at Kastelli, in the Pindos Zone of Greece (Kafousia et al., 2011),
Valdorbia, Italy (Sabatino et al., 2009), Peniche, Portugal (Hesselbo
et al., 2007) as well as in other European sections (Fig. 8).



Fig. 8. Comparison of δ13Ccarb and δ13Corg profiles from Toka section, with δ13Ccarb and δ13Corg profiles from Kastelli section, Greece (Kafousia et al., 2011), δ13Corg profile from Valdorbia,
Italy (Sabatino et al., 2009), and δ13Ccarb and δ13Cwood profile from Peniche, Portugal (Hesselbo et al., 2007). The shaded area marks the negative CIE.
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Additionally, the Petousi section presents a positive CIE in both
carbon isotopes from the 6 metre level of the section and onwards.
The negative CIE of 1‰ in δ13Ccarb and of 5‰ in δ13Corg in this section
spans an interval of only ~2 m, but there follows a positive excursion
of 1‰ for 11 metres in δ13Ccarb and of 4‰ for ~4 m in δ13Corg. The
CIEs in both carbon-isotope curves look very similar to those in the
shallow-water platform-carbonate section from Monte Sorgenza in
southern Italy and Croatia (Trecalli et al., 2012; Sabatino et al.,
2013), as can be seen in Fig. 9.
Fig. 9. Comparison of δ13Ccarb and δ13Corg profiles from Petousi, δ13Ccarb and δ13Corg profiles fro
(Sabatino et al., 2013). The deep grey colour shaded area represents the main negative CIE, wh
5.5. Temperature trend

Although oxygen-isotope ratios provide information on the
palaeotemperature of precipitation or secretion of calcium carbonate,
all lithified limestones carry some degree of diagenetic overprint.
In the case of the Ionian sections, because of the poor preservation
of the nannofossils that are mostly overgrown, the isotopes probably
only reveal the overall temperature trend. The δ18Οcarb in all sections
fluctuates between −4 and 0‰, which represent typical Toarcian
m Monte Sorgernza, Italy (Trecalli et al., 2012) and δ13Ccarb profile from Velebit-A, Croatia
ile the light grey the positive excursions as there has been recorded in each section.
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values (Jenkyns and Clayton, 1986; Bailey et al., 2003; Rosales et al.,
2004; van de Schootbrugge et al., 2005b; Metodiev and Koleva-
Rekalova, 2008). In the Toka section, a potential cooler event preceding
a warm event coincides with the positive TOC excursion, a relationship
also seen in other European sections (Bailey et al., 2003; Rosales et al.,
2004; van de Schootbrugge et al., 2005b; Suan et al., 2010; Kafousia
et al., 2011; Dera and Donnadieu, 2012; Harazim et al., 2012). These
observations, coupled with the medium Pearson correlation coefficient
r between carbon- and oxygen-isotope values (Supplementary data,
S4), suggest that the diagenetic overprint was relatively modest and
that the δ18Οcarb trends record genuine palaeotemperature variation.

6. Conclusions

Two high- and one low-resolution isotope records from the
pelagic Toarcian sediments of the Ionian Zone have yielded new
chemostratigraphic and biostratigraphic data. The Petousi section
in the Ionian Zone records the Pliensbachian–Toarcian boundary in
the uppermetres of the Siniais Limestone, which belongs to Nannofossil
Zone NJT 5. The stratigraphically higher formation (Toka Shales, undif-
ferentiated Posidonia Beds or lower Posidonia Beds) is of Lower
Toarcian Stage and belongs to Nannofossil Zone NJT 6. This Zone
corresponds to the negative CIE and the positive excursion in TOC.
The positive excursion, which is evident in both carbonate and
organic carbon-isotopes in Petousi section, and also in the carbonate
carbon-isotopes from Toka, occurs in Nannofossil Zone NJT 7.

The minor differences in lithology of the studied sections are
interpreted as due to their belonging to different sub-basins of the
Ionian Zone. Local environmental controls have likely governed the
geochemical records of each locality. The TOC values are quite high
in the two high-resolution datasets (Toka and Petousi: values up to
5 wt.%), similar to other sections from Tethyan Europe. However,
in the Petousi section, values do not return to background levels
following the excursion, as they do in Toka, but fluctuate up to the
top of the section between 0 and 3 wt.%. In the Chionistra section,
sampled at low-resolution, TOC values do not exceed 2 wt.%.

The high-resolution δ13C curves of Toka and Petousi differ slightly in
terms of not only trends but also of absolute d13C values. The Toka sec-
tion records a small positive excursion only in carbonate carbon iso-
topes, whereas the Petousi section records a positive excursion in
both carbon isotopes. The Toka section carbon-isotope profile has simi-
larities with Kastelli, Pindos Zone, Greece (Kafousia et al., 2011),
Peniche, Portugal (Hesselbo et al., 2007), Sancerre, Paris Basin
(Hermoso et al., 2012), and other European sections, whereas the pro-
file from Petousi is similar only to that from the shallow-water carbon-
ates ofMonte Sorgenza, southern Italy (Trecalli et al., 2012) andVelebit-
A, Croatia (Sabatino et al., 2013).

The temperature trend in all the three sections is similar and records
a cooler interval before the main warm event of the Early Toarcian:
a pattern seen in many European sections.

All the data indicate that the Toarcian Oceanic Anoxic Event, charac-
terized by deposition of organic-rich deposits, affected the sedimenta-
tion and the chemistry of seawater in the Ionian Zone. Slight variations
in isotopic signature andpattern of organic-carbon enrichments indicate
local variation on a global palaeoceanographic pattern.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.palaeo.2013.11.013.
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