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ABSTRACT: This paper presents an overview of the salient biostratigraphic, isotopic and organic geochemical characteristics of the four most well-
established Oceanic Anoxic Events (OAEs) of the Mesozoic era, as recorded in sedimentary sections from the Ionian and Pindos zones of the west-
ern Hellenides, Greece. The Toarcian OAE in the Kastelli section of the Pindos Zone is expressed through the characteristic negative carbon isotope
excursion in bulk carbonate, near the base of the corresponding organic-rich interval. Carbonate-free, radiolarian-rich black shales of the Lower Apt-
ian Fourcade level from the Paliambela section in the lonian zone, record a negative bulk organic carbon isotope spike at their base, typical of OAE
la black shales elsewhere. The Early Albian OAE 1b is faithfully recorded in the stratigraphically uppermost black shale layer of the Aptian-Albian
“Vigla Shale Member” of the lonian Zone, with its characteristic molecular organic geochemical and isotopic signatures indicative of partly archaeal
derivation for the organic matter. Finally, a thin and highly TOC-enriched black shale layer at the Cenomanian-Turonian boundary within the Vigla
limestone succession of the Ionian Zone, is interpreted to represent a condensed stratigraphic equivalent to the Livello Bonarelli, the type locality of
OAE 2 in Italy, on the basis of isotopic and organic geochemical results. The above records provide new insights into current debates concerning the
forcing mechanisms of, and palaecoclimatic responses during OAEs, and constitute an important benchmark for future research on the manifestation
and palacoenvironmental significance of Mesozoic OAEs in mainland Greece.
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MEPIAHYH: ¢ ovtv Vv gpyocio yiveTol Lo 0vacKOTN G TV PLOGTPOUOTOYPAPIKOV, IGOTOTIKMV KOl OPYOVIKAV YEDYN LKAV YOPUKTIPLOTIKOV
TOV TEGGAPMV, To KoAd peletnpuévov Qredviov Avo&ikav I'eyovotov (OAEs) tov Mesolmikov, dmwg avtd éxovv kataypapei otnv Iovia Zovn kot
™ Zovn g [ivoov tov eéotepikdv EAXnvidwov. To OAE tov Toapsiov oty topr Kaostédit tg Ilivoov, ekppaletat ota avOpokikd Tetpdpote LEcm
™G XUPOUKTNPICTIKNAG APVNTIKNG LETAPBOANG OTIG TIHEG TOV IGOTOTOV TOV GvOpaKa, KOVTE 6Tn PAcT TOL eMmESOV MOV eivol TAOVGLO GE OPYAVIKO
VAo, Ot padpeg apythot tov Katdtepov Antiov, eninedo Fourcade, omd v toun [okdpredo g loviov ot onoieg dev €xovv kaborov avOpakikod
acBéoTio Kat eivar mAoVG1EG G aKTVOLMA, £X0VV KATOYPAWEL LL0L ATOTOUN OPVNTIKY IGOTOTIKY HETOBOAN GTO 0pYavVIKO LAKO, 1 omolo etvar Tumiky
tov OAE la avd tov kécpo. To OAE tov Katdtepov AABiov, OAE 1b, £yt koTaypapei 6T0 avdTEPO TUNIA TOV HAVPOV opYilov Tov ATTiov-AA-
Brov, oto péLog TV oYoToAbV Biylag g Loviag Zavng, Le T XpOKTNPIGTIKY TOV HOPLOKT OPYOVIKY) YEOYNHIKN KOl IGOTOTIKY VITOYPOQT| TOV
OmOdEIKVOEL TNV TPOEAELGT] TOL OPYOVIKOV VAKOD amtd apyaia (archaea). Téhog, éva Aemtd Kot mAovG1o 6€ opyavikd VAKO enimedo oto dpro Kevo-
pévio-Tovpdvio otovg acPestoribovg g Biylag g loviov Zadvng, cuoyetiomie pe 1o OAE 2, 6nmg avtod éxet kotaypagei oty Itakio cov Liv-
ello Bonarelli pe Baon to 1GOTOTIKG KOL OPYOVIKG YEOYNLUKE XOpaKTNPETIKA Tov. OAEG Ol TOPUTAVED KOTOYPUPES, TOPEXOLY VEL OESOUEVOL Ko
GUUTEPGGILOTO GYETIKE [LE TOVG UNYAVIGHLOVG oV 0Bovv otV dnovpyio Tov OAES, kabdg kat Tov TaAcioneptPoAloviikdv avTidpdcemy Tovg. Emi-
GG, AMOTELOVV LU0 GILOVTIKT BAOT Yo LEAAOVTIKT £pEVV TTOV aPOPd 6T dnpovpyia Kot tolaomepifarloviikn onpacio tov Mesolowav OAE
otov EAadko ydpo.

AéEerg khewna: Qkeavio Avolika I'eyovora, Toapaio, Antio, AAfro, Kevouavio—Tovpvio, EAAnvideg.

INTRODUCTION

Oceanic anoxic events (OAEs) were first described by
SCHLANGER & JENKYNS (1976) as global-scale transient peri-
ods of marine anoxia, accompanied by the widespread dep-
osition of organic carbon-rich sediments at the Aptian-Albian
and Cenomanian-Turonian boundaries. Subsequent studies
on sedimentary sections across the globe have expanded the
stratigraphic record of such events, and have resulted in a
wealth of palacobiological and geochemical information that
has been used to constrain and elucidate the environmental
responses during each OAE. OAEs are widely believed to be
associated with major perturbations in the global carbon

cycle, the latter faithfully recorded in positive and/or negative
carbon-isotope excursions across pelagic and shallow-water
marine carbonate successions, associated organic-rich sedi-
ments (“black shales) as well as in specific biological com-
ponents preserved in these sequences such as brachiopods,
fossil wood and lipid biomarkers (WEISSERT, 1989; FARRI-
MOND et al., 1990; HESSELBO et al., 2000; SCHOUTEN et al.,
2000; DANELIAN et al., 2004; Tsikos et al., 2004a; KEMp et
al., 2005; KARAKITSIOS, 2007D).

The forcing mechanism behind OAEs is still under de-
bate. Available data suggest abrupt rises in temperature, in-
duced by rapid influx of CO: into the ocean-atmosphere
system resulting from either dissociation of methane hy-
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drates, degassing due to large-scale volcanic activity, and/or
widespread devolatilisation of organic-rich sediments (e.g.
coal) by intrusive activity or asteroid impacts (HESSELBO et
al., 2000; MCELWAIN et al., 2005; SUAN et al., 2008; TUR-
GEON & CREASER, 2008; TEJADA et al., 2009; JENKYNS, 2010).
As aresult, no single trigger mechanism can hitherto account
for all OAEs identified in the geological record. Current
palacoenvironmental models suggest that global warming
was accompanied by an accelerated hydrological cycle, in-
creased continental weathering, enhanced nutrient discharge
to the marine and lacustrine environments, intensified up-
welling, and resultant increases in primary biological pro-
ductivity (ERBACHER ef al., 2001; JENKYNS, 2003, 2010;
KUYPERS et al., 2004; PARENTE et al., 2008).

In this paper, we present an overview of the records of
four major OAEs as manifested in sedimentary successions
preserved in mainland Greece. We specifically present results
for the early Toarcian OAE (~ 180 Ma) as well as for the
three most well-established OAEs of the Cretaceous, namely
the early Aptian (OAE 1la, ~ 120 Ma), early Albian (OAE 1b,
~ 111 Ma) and Cenomanian-Turonian (OAE 2, ~ 93 Ma)
OAEs. The biostratigraphic, isotopic and organic geochemi-
cal characteristics of these events are presented here on the
basis of our studies of four sections from the Pindos and Ion-
ian Zones of the external Hellenides (Fig. 1) that were carried
out over the past decade.

REGIONAL GEOLOGICAL BACKGROUND

The western Hellenides constitute part of the Apulian conti-
nental block related to the southern passive continental mar-
gin of the early Mesozoic to mid-Cenozoic Tethyan Ocean.
In the Early Lias, the present part of northwestern Greece
was covered by a vast carbonate platform. Prolific carbonate
sedimentation resulted in the accumulation of a shallow-
water carbonate sequence over a thousand metres in thick-
ness, balanced by strong subsidence events. The general
faunal and lithological composition of the formations of the
Ionian Zone from the Middle Lias upwards suggest general
deepening, even though accumulation of shallow-water car-
bonates persisted through the entire Jurassic in the Paxos and
Gavrovo Zones (BERNOULLI & RENz, 1970; KARAKITSIOS,
1992; KARAKITSIOS, 1995; RIGAKIS & KARAKITSIOS, 1998).
By contrast, pelagic sediments of the Pindos Zone origi-
nate from an elongated oceanic basin remnant that formed in
mid-Triassic times along the north-east passive margin of
Apulia between the extensive Gavrovo-Tripolis platform in
the present west, and the Pelagonian continental block in the
present east (CLIFT, 1992; DEGNAN & ROBERTSON, 1998; PE-
PIPER, 1998). Organic carbon contents in the Ionian Zone
suggest a higher degree of organic matter accumulation rel-
ative to the Pindos Zone; this is in accordance with the more
restricted geometry of the Ionian basin versus the deeper
ocean basin of the Pindos Zone (BAUDIN & LACHKAR, 1990;
KARAKITSIOS, 1995; RIGAKIS & KARAKITSIOS, 1998; TSIKOS et
al., 2004b; KARAKITSIOS et al., 2007; KAFOUSIA et al., 2010).
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Fig.1. Simplified geological map of Greece and localities of the studied

outcrop sections discussed in the paper. 1: Kastelli, 2: Paliambela, 3:
Gotzikas.

THE EARLY TOARCIAN OAE

The early Toarcian records a period of global warming (BAI-
LEY et al., 2003; JENKYNS, 2003), accompanied by mass ex-
tinction events (WIGNALL et al., 2006) and enhanced organic
carbon burial (JENKYNS, 1988; JENKYNS ef al., 2001), in re-
sponse to the earliest known OAE of the Mesozoic. The ob-
served geochemical characteristics of the early Toarcian OAE
include increased organic carbon sequestration and a negative
and/or positive excursion in carbon isotopes from both car-
bonate and organic matter. Maximum TOC values of black
shales of the lower Toarcian range from ~ 19 wt% to as low
as 0.60 wt%; this variation is interpreted in each instance to
be the result of variable redox conditions, water depth, de-
gree of water-mass stratification and/or organic productivity
(JENKYNS, 1988; RIGAKIS & KARAKITSIOS, 1998; JENKYNS et
al.,2002; SABATINO et al., 2009; JENKYNS, 2010; KAFOUSIA et
al., 2010). A negative carbon-isotope excursion is hitherto
recorded in most studied sections, whereas a positive one -
that otherwise characterizes most other OAEs - is not always
present. Carbon isotope values of bulk organic matter during
the Toarcian OAE drop below the value of -30%o from back-
ground levels of generally -26 to -27%o, whilst the carbon-
ate-carbon isotope values are commonly more erratic across
stratigraphy due to diagenetic overprinting.

Fig. 2 displays the geochemical expression of the Toar-
cian OAE in the Kastelli section of the Pindos Zone (KAFOU-
SIA et al., 2010). The contention that the Pindos Zone was a
deep ocean during the early Toarcian assists in addressing the
relatively low TOC values recorded in this section; never-
theless, a relative increase in TOC across the interpreted OAE
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Fig. 2. Lithology, biostratigraphy and chemostratigraphy of the Early Toarcian OAE at the Kastelli section, Pindos Zone (from KAFoUsIA et al., 2010).

interval up to 2 wt% is clearly visible. Across the same in-
terval, a negative excursion of ca. 6%o in bulk carbonate 8'*C
values develops that also typifies carbon-isotope data for co-
eval sections elsewhere; stratigraphically upwards, a low-
magnitude positive excursion is also discernible. Work in
progress is directed at higher resolution chemostratigraphic
records of the Toarcian OAE in both the Pindos and Ionian
Zones, the latter known for its substantially higher TOC con-
tents (JENKYNS, 1988; RiGakis & KARAKITSIOS, 1998).

THE EARLY APTIAN OAE 1A (SELLI EVENT)

The early Aptian OAE 1a (ca. 120Ma), is the earliest major
OAE in the Cretaceous period. Like the early Toarcian OAE,
this event is also characterized by a global distribution of
black shales in continental shelf and margin environments
(GROCKE et al., 1999; JENKYNS, 1999; JENKYNS, 2003;
HEIMHOFER ef al., 2004). The OAE 1a is accompanied by a
dramatic turnover in calcareous nannoplankton (‘“nannoconid
crisis”, ERBA, 1994) and high extinction rates of siliceous and
calcareous plankton (LECKIE et al., 2002, HEIMHOFER et al.,
2004). Palacotemperature data also suggest an abrupt in-

crease in SST of ~ 8 °C in the run-up to the early Aptian OAE
la, followed by an interpreted cooling trend (ANDO ef al.,
2008).

Representative sections of the OAE 1a globally, including
the type section in Italy known as the Livello Selli, are char-
acterized by a pronounced negative isotopic spike, followed
by a positive carbon-isotope excursion in deep- and shallow-
marine carbonates, marine organic matter and terrestrial
higher plant material (SLITER, 1989; GROCKE ef al., 1999;
JENKYNS, 1999, 2003; HERRLE et al., 2004; VAN BREUGEL et
al., 2007). This negative spike is perhaps the most distinc-
tive feature of OAE 1a globally, and coincides with the low-
est stratigraphic levels of the organic-rich shales themselves
(JENKYNS, 2010). Total organic carbon values of black shales
recording OAE la in the Alpine-Mediterranean region range
between 2-18 wt% (BAUDIN et al., 1998; JENKYNS, 2010); in
a core section from Shatsky Rise in the Pacific ocean, TOC
values reach 40 wt% (DUMITRESCU & BRASSELL, 2006).

Fig. 3 displays comprehensive lithostratigraphic, bios-
tratigraphic and chemostratigraphic data of the “upper
siliceous zone” as observed in the Paliambela section of the
Tonian Zone (DANELIAN et al., 2004). Here, the OAE 1a has
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been termed the Fourcade level, though according to
DANELIAN et al. (2002) it is essentially a time-equivalent hori-
zon to the Livello Selli. This notion is supported by the abun-
dance of preserved marine organic matter and biogenic
(radiolarian) silica, absence of nannoconids and presence of
abundant nannoliths of remarkably large size. From a
chemostratigraphic point of view, the negative 3'*C spike that
typifies the lower portion of OAE 1la black shales in Italian
sections and elsewhere is faithfully re-produced in bulk or-
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ganic carbon isotopic values of the Paliambela section, fol-
lowed stratigraphically upwards by a broadly positive iso-
topic excursion.

THE EARLY ALBIAN OAE 1B (PAQUIER EVENT)

The OAE 1b is characterized by the deposition of laminated,
organic-rich shales, first described by BREHERET (1998) from
sites in France, Germany and Austria. Later studies have
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recorded this event across much of the Tethyan-Atlantic re-
gion, including ODP drilling sites (LECKIE et al., 2002;
JENKYNS, 2003). Stable isotope data from Atlantic sections
(Mazagan and Blake Nose) in which evidence for diagenetic
alteration is minimal, suggest a rise in sea-surface tempera-
ture at the onset of the event, that subsequently prevailed over
essentially its entire duration (~ 40-50 ka) (JENKYNS, 2003;
HERRLE et al., 2004; HOFMANN et al., 2008). The OAE 1b is
the shortest of the Cretaceous OAEs (ERBACHER et al., 2001),
and has received particular attention among other Cretaceous
OAEs due to the distinct bio-chemical nature of correspon-
ding black shales. Specifically, organic matter in OAE 1b
black shales is known to contain appreciable concentrations
of monocyclic isoprenoidal biomarkers, which indicate that
archaea were a principal component of the original biomass;
this is in marked contrast to OAEs la and 2, where organic
matter had a predominantly plytoplanktonic source
(KUYPERS et al., 2002, 2004; TSIKOS et al., 2004b; JENKYNS,
2010).

Fig. 4 illustrates the manifestation of the OAE 1b event in
Western Greece (TSIKOS et al., 2004b). The event is recorded
in the uppermost of a series of dm-thick black shale horizons
that collectively constitute the organic-rich portion of the
Aptian-Albian “Vigla Shale Member”. The OAE 1b black
shale displays isotopic and organic geochemical characteris-
tics that compare particularly well with time-equivalent sec-
tions in the Vocontian Basin, France (Niveau Paquier) and
the North Atlantic (ODP site 1049C). In particular, the pres-
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ence of archaeal-derived biomarkers in the Vigla section sim-
ilarly to both the French and North Atlantic sections, rein-
force the suggestion that the OAE 1b represents a
biologically distinct event in terms of the expansion of ar-
chaea in the Cretaceous marine realm (TSIKOS et al., 2004D).

THE CENOMANIAN-TURONIAN OAE 2
(BONARELLI EVENT)

The Cenomanian-Turonian OAE 2 is a classic example and
probably the best-studied one among OAEs of the Creta-
ceous. It is characterized by essentially global-scale deposi-
tion of organic-rich sediments (SCHLANGER & JENKYNS, 1976;
JENKYNS, 2003; TSIKOS ef al., 2004a) accompanied by a pos-
itive carbon isotope excursion in bulk organic matter of 4-
6% and in marine carbonates of 2-3%.. The highest
magnitude of these excursions has been observed in and
around the Atlantic Ocean where large volumes of black
shale were deposited (JENKYNS ef al., 2007). The duration of
the OAE 2 according to the orbital time scale of SAGEMAN et
al. (2006) is ~ 600 ka for the interval recording the positive
carbon isotope excursion and ~ 860 ka if the return of the ex-
cursion to background isotopic values is included in the cal-
culations (JENKYNS et al., 2007).

The stratigraphic and isotopic expression of OAE 2 in the
Ionian Zone of NW Greece (KARAKITSIOS et al., 2007b) is il-
lustrated in Fig. 5. Characteristic features of OAE 2 in this lo-
cality are the substantially thinner and TOC-enriched black
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shale interval in relation to the type locality of the Livello
Bonarelli in Marche-Umbria, Italy: whereas the Bonarelli
horizon is approximately one meter thick and has a maxi-
mum TOC content of ~ 25 wt% (TSIKOS et al., 2004a), the
equivalent black shale in the Ionian Zone is approximately
35 cm thick and contains ~ 45 wt% TOC. The latter has there-
fore been regarded as a substantially condensed equivalent
of the Livello Bonarelli. Otherwise, in terms of bulk organic
carbon isotope signature and molecular organic geochemical
composition, both black shales exhibit high §'°C values of
up to 22%eo relative to pre-OAE black shales stratigraphically
lower in respective sections, as well as a relative enrichment
in 2-methyl hopanoids that are indicative of cyanobacterial
derivation (TsIKOS et al., 2004a; KARAKITSIOS et al., 2007b;
JENKYNS et al., 2007).

CONCLUSIONS

The last few years have seen an unprecedented burst in pub-
lished research on the geological manifestation of Mesozoic
OAEs in mainland Greece. In all instances and in line with
modern research on OAEs, a fully integrated approach was
employed, utilizing detailed biostratigraphy, isotope
chemostratigraphy and organic geochemical studies at bulk
and molecular level. We have demonstrated in this review
how important such integrated studies are in allowing us to
appreciate the particularities and complications of the geo-
logical records of such short-term palacoenvironmental
events. We also recognize that there is still a lot of untouched
potential in Greece for future research on this topic, that will
most certainly lead to further refinement of our findings and
a better understanding of these remarkable events in Earth
history. This is becoming increasingly pertinent in the cur-
rent day and age, where understanding the mechanisms of
past abrupt climate change can provide unrivalled clues as to
how our present climate is changing and will continue to
evolve. It is our hope that the work that we have compre-
hensively presented in this overview has paved the ground
for more research on OAEs on Greek soil, and we will look
forward to new such results and ideas from researchers in
Greece and beyond.
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