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A B S T R A C T

In this paper, new biostratigraphic, stable isotope (C, O) and organic geochemical data are presented for

the Pindos Zone in NW Greece (SE Epirus region) in order to investigate whether the organic carbon rich

strata of the Kalarrytes sections A and B correspond to a local expression of the early Aptian Oceanic

Anoxic Event (OAE 1a or Selli Event) or not. The Pindos Zone Mesozoic to Tertiary sedimentary sequence

constitutes the deep-sea sedimentary cover of the Pindos Ocean, which was separated from its oceanic

basement as an accretionary prism during the complete closure of this ocean, and was emplaced

westwards onto the adjacent Gavrovo-Tripolis carbonate platform. Stable carbon and oxygen isotope

data from the Kalarrytes sections reveal an isotopic composition compatible with the characteristic

features of the OAE 1a. Calcareous nannofossil and radiolarian biostratigraphy indicates an early Aptian

age for both sequences. Biomarker analysis on the organic-rich intervals reveals the primary marine

origin of the organic matter, with substantial contribution from bacteria, cyanobacteria and

dinoflagellates, as well as a significant terrigenous input. Findings of authigenic framboidal pyrite

provide evidence for the prevalence of sulphidic conditions during deposition. Furthermore, similarities

between the biomarker signatures of the Pindos organic-rich strata and coeval strata of early Aptian age

where the impact of OAE 1a has previously been recorded, are identified. The presented data show that

the organic-rich intervals of both Kalarrytes sections constitute the first records of the OAE 1a in oceanic

deposits of Greece.
�C 2018 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The early Aptian (ca. 120 Ma) Oceanic Anoxic Event (OAE 1a or Selli
Event) is generally interpreted as a high-productivity event (Coccioni
et al., 1992; Erba, 1994, 2004; Erbacher et al., 1996; Cobianchi et al.,
1999; Premoli-Silva et al., 1999; Leckie et al., 2002; Aguado etal., 2014;
Bottini et al., 2015; Erba et al., 2015) that occurred during a warming
interval followed by a cooling trend (Hochuli et al., 1999; Ando et al.,
2008; Jenkyns, 2010; Keller et al., 2011; Kuhnt et al., 2011; Najarro
et al., 2011; Bottini et al., 2015; Erba et al., 2015; Patruno et al., 2015). It
is characterized by a pronounced, abrupt and stepped negative carbon
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isotope excursion, recorded in deep- and shallow-marine carbonate
containing marine organic matter and terrestrial higher-plant
material from Europe, North America, Japan and the Pacific Ocean
(Weissert and Lini, 1991; Menegatti et al., 1998; Erba et al., 1999;
Gröcke et al., 1999; Jenkyns and Wilson, 1999; Luciani et al., 2001;
Ando et al., 2002; Bellanca et al., 2002; Jenkyns, 2003, 2010; Danelian
et al., 2004; Luciani et al., 2006; Keller et al., 2011; Bottini et al., 2015;
Erba et al., 2015). In pelagic carbonates, the negative shifts to lower
d13C and d18O-values are synchronous, located just below the black
shale that registers the OAE 1a (Bellanca et al., 2002).

OAEs are connected to major perturbations of the global carbon
cycle recorded in the isotopic composition of the associated
deposits. The early Aptian OAE 1a was interpreted as evidence for
the release of 13C-depleted carbon to the ocean-atmosphere
reservoir from either marine volcanism (d13C �-5%; e.g., Arthur,
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2000) or dissociation of methane gas hydrates (d13C �-60%; e.g.,
Jahren et al., 2001; van Breugel et al., 2007). Based on high-
resolution C-isotope and biomarker analyses, Méhay et al. (2009)
suggested that OAE 1a represents a multi-step C-cycle perturba-
tion triggered by massive volcanism and that a dissociation of CH4

gas hydrates, if it existed, was an amplifier and not the cause of the
negative C-isotope excursion. Additionally, contrary to the
Toarcian OAE, the early Aptian OAE shows relatively less
radiometric signatures of the strontium isotope system (87Sr/86Sr),
implying that increased rates of sea-floor spreading and hydro-
thermal activity dominated over continental weathering in
governing sea-water chemistry (Jenkyns, 2003, 2010).

According to Gröcke (2002), the negative carbon-isotope
excursion and associated d18O shift generally took place over a
few (tens of) centimeters of sedimentary section, whereas the
black shale is typically 1–2 m thick. Such relationships imply
paleotemperature change on a time scale of tens of thousands of
years. Many authors (e.g., Kuhnt et al., 2011; Huck et al., 2011;
Naafs et al., 2016) have attempted to review the duration and
chronology of OAE 1a and determined more accurately the relative
timing of the associated events using various paleo-proxies. Kuhnt
et al. (2011) presented bulk rock carbon and oxygen isotope data
from La Bédoule (southeast France), which reveals that the
negative carbon isotope excursion preceding OAE 1a lasted more
than 100 kyr. According to these authors, the main positive carbon
isotope shift at the onset of OAE 1a, previously regarded as
continuous, occurred stepwise over a period of > 300 kyr. Huck
et al. (2011) reported carbon and strontium isotope chronostrati-
graphic data from the Barremian-Aptian Urgonian carbonate
platform (Subalpine Chains, Haute-Savoie, ESE France) indicating
that carbonate production in this platform ceased about 300 kyr
before the most negative values of the carbon-isotope excursion,
which marks the beginning of OAE 1a. Naafs et al. (2016) provided
a high-resolution record of pCO2 across OAE 1a from an expanded
section in Southern Spain and Tunisia and found that atmospheric
CO2 concentrations increased significantly during this anoxic event
and remained above background values for approximately 1.5 to
2 myr before declining. The period of elevated CO2 concentrations
coincides with a shift in the oceanic osmium-isotope record.

TEX86 data obtained from the organic matter in the tropical
Pacific ODP site 1207, show warmer temperatures associated with
the OAE 1a (up to 36 8C for sea surface), but with many fluctuations
(� 7 8C around this value) associated with the event (Dumitrescu
et al., 2006). Other TEX86 data carried out on a section of the Lower
Saxony Basin show a warming in high latitudes during the OAE 1a
(Mutterlose et al., 2010). More recently, high-resolution d18Ocarb data
obtained on the Gare de Cassis-La Bédoule section (Provencal Basin,
south France) by Kuhnt et al. (2011) illustrate a cooling of 3–5 8C in
the lower part of the OAE 1a (C4 isotopic segment). Based on
calcareous nannofossil, Bottini et al. (2015) oxygen isotope and TEX86

data from the Cismon and Piobbico cores (Tethys) and DSDP Site 463
(Pacific Ocean) suggested that the Ontong Java Plateau (OJP) volcanic
activity caused global warming whereas other mechanisms (weath-
ering, deposition of organic matter) acted as feedback processes,
favouring ‘‘cold snaps’’ during the early Aptian. Naafs and Pancost
(2016) presented high-resolution TEX86-based records of the Sea
Surface Temperatures (SST) during OAE 1a from the DSDP Site 398,
located in the proto-North Atlantic. Their results demonstrate that
changes in SSTs (increase by �2–4 8C during OAE 1a, and decrease by
�4–6 8C at its end) coincided with changes in d13Corg-values
presumably due to light organic carbon release resulting in pCO2-
forced global warming, followed by organic matter sequestration and
pCO2-forced cooling.

Detailed 187Os/188Os profiles through the Livello Selli in Italy
show an early pulse of radiogenic osmium to the oceans
interrupting a trend toward lower values due to submarine
volcanism and attendant hydrothermal activity as in the case of the
OAE 2 event (Bonarelli event; Tejada et al., 2009; Jenkyns, 2010).
Bottini et al. (2012) used Rhenium-Osmium isotope data from two
sites in the Tethys and Pacific Oceans to confirm the relationship
between the sequence of volcanic activity of the OJP, the
accumulation of CO2 in the ocean-atmosphere system, and the
OAE 1a during the latest Barremian–early Aptian. Their data
provide evidence for at least two major volcanic phases during this
time interval.

Erba et al. (2015) presented new data from DSDP (Magellan Rise
and Mid-Pacific Mountains), ODP (Resolution Guyot), and Cismon
and Piobbico drill sites to explore the association between
submarine volcanism and OAE 1a. The early Aptian paleoecosys-
tem responses to volcanic activity include the stimulation of
marine phytoplanktonic populations and the temporary decline of
many calcifying marine organisms which were forced to adapt and
survive under eutrophic conditions and/or toxic waters. Nanno-
conids and benthic communities recovered after the end of the
massive volcanic activity with an evolutionary radiation as a
strategic response. According to Erba et al. (2015), the major early
Aptian magmatic event did not trigger extinctions of oceanic biota.

In this paper, new biostratigraphic, chemostratigraphic and
organic geochemical data are presented from black shale horizons
contained in the deep-sea deposits of the Pindos Zone, Northwest-
ern Greece. These horizons are cropping out within the Aptian-
Albian sequences of the Kalarrytes sections A and B (Epirus region,
NW Greece). In the context of global-scale OAEs, these new
observations and results provide insights into the paleoenviron-
mental conditions prevailing along the western margin of the
Pindos Ocean during the early Aptian and the biotic response to
prolonged periods of oceanic anoxia.

2. Geological setting and paleogeographic framework

The Pindos Zone (Fig. 1) comprises an intricate thrust belt with
allochthonous Mesozoic to Tertiary sedimentary rocks of deep-
water facies. The zone extends into Albania and the former
Yugoslavia (Dédé et al., 1976; Robertson and Karamata, 1994) as
well as into Crete (Bonneau, 1984), Rhodes (Aubouin et al., 1976),
and Turkey (Bernoulli et al., 1974; Argyriadis et al., 1980). The
Pindos Zone sequence originated from an elongate remnant ocean
basin that formed in mid-Triassic times along the north-eastern
passive margin of Apulia, between the extensive Gavrovo-Tripolis
platform which was periodically emerged (Fleury, 1980), in the
present west, and the Pelagonian continental block in the east
(including also the isolated Parnassos Platform in its western
portion).

Observations on the Greek mainland, as well as on the island of
Crete, confirm that the eastern basal rocks of the Pindos Zone and
the south-western end of the Pelagonian continental terrain were
rifted from Gondwana in mid-Triassic times (De Wever, 1976;
Bonneau, 1982; Clift, 1992; Degnan and Robertson, 1998; Pe-Piper,
1998). By Early Jurassic times at the latest, actively spreading
oceanic basins opened in both the Pindos and the Vardar zones on
both sides of the Pelagonian continental block. The western, Pindos
Ocean separated Pelagonia from Apulia; the eastern, Vardar Ocean
separated Pelagonia from the Serbomacedonia and Sakarya
microcontinents (De Wever, 1976; Bonneau, 1982, 1984; Clift,
1992; Lefèvre et al., 1993; Pe-Piper and Hatzipanagiotou, 1993;
Degnan and Robertson, 1998; Pe-Piper, 1998). Significant data
supporting the oceanic nature of the Pindos Basin are given by
Degnan and Robertson (1998), and Palamakumbura et al. (2013).

The later Mesozoic and Cenozoic convergence resulted in the
nappe structure of the Hellenide Orogen and the tectonic
dismemberment of the Permian–Triassic rift-related igneous



Fig. 1. Simplified geological map of Greece. Top-left inset provides the geographical location of the regional Kalarrytes map.
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rocks. The subsequent collision of the Apulian and Pelagonian
continents was characterized by detachment of the Pindos Ocean’s
western margin deep-sea deposits (Pindos Zone) and their
incorporation into a west-vergent subduction-accretion complex,
which is well exposed in the Greek mainland and Crete. The Pindos
Zone of Western Greece is exceptional since it was deformed into a
regular series of thrust sheets during its emplacement, with a
minimum of disruption. The present-day westward-vergent fold
and thrust sheets have not been affected by major back-thrusting
or out-of-sequence thrusting (Degnan and Robertson, 1998).

The sedimentary successions of the Pindos Zone comprise deep-
water carbonate, siliciclastic and siliceous rocks ranging in age
from Late Triassic to Eocene (Fleury, 1980; Degnan and Robertson,
1998; Figs. 2, 3). The oldest rocks (of Carnian age) comprise
disrupted siliciclastic turbidites largely derived from a metamor-
phic source to the west and deposited on young oceanic basement.
Variable thicknesses of pelagic carbonates and cherts, marls and
proximal carbonate debris flows accumulated from the Norian to
the Maastrichtian, while radiolarites sensu stricto are mainly
observed in the Aalenian to Tithonian interval.

During the Early and early Late Cretaceous, paleogeographic
conditions (Figs. 3, 4) favored the deposition of abundant
radiolarites sensu lato (Red marls; Fleury, 1980), in which
organic-rich horizons have been observed (Neumann and Zacher,
2004; Karakitsios et al., 2006, Karakitsios and Agiadi-Katsiaouni,
2007). The above sequence is followed by pelagic and turbiditic
limestone deposits in the higher Upper Cretaceous (Platy
limestone; Fleury, 1980; Neumann and Zacher, 2004; Karakitsios
et al., 2006). From the end of the Maastrichtian onwards, a
progressive closure of the Pindos oceanic basin is recorded by a
gradual change in sedimentary rock composition (late Maastrich-
tian transitional formation ‘‘couches de passage’’) from dominantly
carbonate deposition to siliciclastic turbidites (Paleocene flysch
deposition) derived from the north and east sectors (Fleury, 1980;
Neumann and Zacher, 2004). During the Eocene, the complete
closure of the Pindos Ocean resulted in the detachment of its



Fig. 2. Regional geological map of Kalarrytes: Ionian zone: 1, Flysch. Pindos zone: 2, flysch; 3, Platy limestones (Upper Cretaceous); 4, Limestone, marl and chert beds

alternations (Barremian-Albian); 5, Radiolarites s.l. (Toarcian-Hauterivian); 6, Limestone and jasper alternations; 7, Thrust. The asterisk shows the position of the study area.
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deep-sea sedimentary cover from its oceanic basement as an
accretionary prism and emplacement westwards onto the adjacent
Gavrovo-Tripolis carbonate platform, ending up as a series of thin-
skinned thrust sheets.

3. The Kalarrytes sections

3.1. Section A

This section is located (asterisk in Fig. 2) about 20 m east of the
first bend of the Ioannina-Kalarrytes road (close to the topographic
low of Kalarrytes village; 39834059.6000N, 21807036.3000E). The upper
8 m of the section are observed above the road level, while the lower
7 m are observed below it (Fig. 5). There is an observation gap of 3 m
between the two parts. In this area, and generally in the Epirus
region (NW Greece), the Pindos Zone directly overthrusts the Ionian
Zone, having tectonically superimposed the entire Gavrovo-Tripolis
Platform. Consequently, the observed outcrops, which are located in
the westernmost part of the Pindos Zone, were located in
paleogeographic vicinity with the adjacent Gavrovo-Tripolis car-
bonate platform. Since the section corresponds to the reversed limb
of a decametric fold, it will be described in its normal position.
Therefore, from the original bottom to top, it contains (Figs. 3, 5):

� 2 m of pelagic limestone beds with cherty nodules, interbedded
with rare centimeter- to decimeter-thick radiolarian chert beds;

� 3 m of laminated marls and claystones with rare intercalations
of chert beds, marly limestones and pelagic limestones with
cherty nodules. In the base of the upper part of this interval, a
1 m-thick black shale horizon is observed, which mainly consists
of laminated marls;

� 3 m of pelagic limestone beds with the same characteristics as
the first 2 m of the section (with cherty nodules, interbedded
with rare cm- to dm-thick radiolarian chert and pelagic
limestone beds);

� 6 m, above the observation gap, the outcrop continues with the
same lithology.

3.2. Section B

This section (39834043.7300N, 21808001.3800E) is located about
800 m southeast of the section A (asterisk in Fig. 2). From bottom to
top (Figs. 3, 6) are observed:

� 4 m beginning by marly limestone, followed by laminated marls
with rare cherty beds intercalations;

� 15 cm-thick black shale horizon;
� 1 m of marls alternating with pelagic cherty limestones and

cherty beds.

4. Material and methods

4.1. Sampling

Twenty-six samples were collected from section A, 15 of which
were taken exclusively from the 3 m-thick bed of laminated marls
and claystones containing the black shale horizon (Fig. 3). Fourty-
two samples were collected from section B, 35 of which were taken
from the upper 2 m of the section (every 5–10 cm) where the
organic-rich bed is observed.

4.2. Bulk organic geochemistry

Geochemical analysis was carried out in the ‘‘Hydrocarbons
Chemistry and Technology’’ Research Laboratory, School of



Fig. 3. Left: Synthetic stratigraphic column of the Pindos zone (after Karakitsios et al., 2007, modified). Right: Stratigraphic columns of the Kalarrytes sections A and B.

Fig. 4. Schematic paleogeographic reconstruction of the Pindos Ocean during the

early Aptian (Lower Cretaceous). The asterisk shows the position of the study area.
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Mineral Resources Engineering, Technical University of Crete. All
68 rock samples of both sections, dried at 40 8C overnight, were
powdered using an agate mortar. Aliquots of the powdered
samples (�100 mg) were analyzed in a Rock-Eval RE II-TOC (Delsi
Inc.) system connected to an SRI-302 A/D data acquisition system.
After a 2 min purging with He, the samples were heated at 300 8C
for 3 min and afterwards were pyrolyzed up to 600 8C, following a
temperature ramp equal to 50 8C.min�1. The CO2 trap was
functioning until 390 8C. The pyrolyzed rock samples were further
burned in the oxidation oven at 600 8C. Total organic carbon (TOC)
of the samples was calculated based on the RE experimental data
using the PeakSimple 3.29 software. Quantification was based on
calibration data from standard rock samples (Tables S1, S2;
Appendix A). Determination of calcium carbonate content of the
samples was carried out in the Laboratory of the Department of
Historical Geology and Paleontology, National and Kapodistrian
University of Athens applying the method of ‘‘carbonate bomb’’
(Müller and Gastner, 1971) (Tables S1, S2; Appendix A).

4.3. Stable carbon and oxygen isotopes

Twelve dried and powdered rock samples from section A (ca.
10 mg each) were analyzed for carbonate carbon and oxygen
isotope ratios at the Stable Isotope Unit of ‘‘Demokritos’’ National
Center of Scientific Research, Department of Material Science,
Athens (accredited by ISO 17025: 2005, Certificate Number 579).
Samples with a carbonate content lower than 10% w/w were not
analyzed for their carbonate isotope ratios because the results
would not be reliable (Table S1, Appendix A).

Carbonate isotope ratios (13C/12C and 18O/16O) were measured
on a Thermo Delta V Plus Isotope Ratio Mass Spectrometer
equipped with a GasBench II device. Isotope ratios were deter-
mined on CO2 gas yielded after reaction with orthophosphoric acid



Fig. 5. Views of the Kalarrytes section A. a. Early Aptian laminated marls and

claystones with rare chert bed intercalations; organic-rich horizon below the

hummer. b. Detail of the organic-rich horizon shown in (a).

Fig. 6. Views of the Kalarrytes section B. a. Organic-rich horizon (below the

hummer, used as a scale). b. Detail of the organic-rich horizon shown in (a).
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(H3PO4) at 72 8C (Table S1). Normal corrections were applied and
the analytical results are reported in the usual d-notation, in %-

deviation from the V-PDB (Vienna Pee Dee Belemnite) standard.
Calibration to VPDB was performed against NBS 18 and NBS 19
carbonates and an internal Carrara marble standard. Reproducibil-
ity of replicate analyses of standards was generally better than
0.05% for both carbon- and oxygen-isotope ratios (analytical error
for isotopic analyses d13C and d18O less than 0.05%).

Thirty samples from the section B were analyzed at the
laboratory of Biomineralizations and Sedimentary environments
(Pierre and Marie Curie University; Paris 6). The measurements on
the bulk samples were conducted with a mass spectrometer
VG SIRA 9. The CO2 extraction was attained through reaction of
powder samples (50–100 mg) with anhydrous orthophosphoric
acid at 50 8C. Resulting values were expressed in per mil relative to
the V-PDB standard reference (Table S2).

4.4. Biostratigraphic analysis

4.4.1. Calcareous nannofossils

Twenty-six samples from section A, the same as for bulk organic
geochemistry, were investigated for calcareous nannofossil semi-
quantitative analyses. Smear slides were prepared as homo-
geneously as possible and no ultrasonic cleaning or centrifuge
concentration was applied in order to retain the original biogenic
composition of samples. The investigation was restricted to
biostratigraphic markers observed under a light polarizing
microscope with a magnification of � 1000, following different
transverse sections (up to 20 in the richest sample; Fig. 7). The
taxonomic framework of Bown et al. (1998) was used. For
nannoconids, and for both Assipetra and Rucinolithus genera, those
of Deres and Achéritéguy (1980) and Tremolada and Erba (2002)
were followed, respectively.

The nannofossil preservation was evaluated following the
classes defined by Roth (1983). Abundance terminology used in
this study refers to those defined by Lozar and Tremolada
(2003). The nannofossil biostratigraphic zones and subzones
applied to the investigated section are the NC zones of Bralower
et al. (1993, 1995), modified from Roth (1978). This zonation
scheme has been selected because of its applicability to both
pelagic deposits and low-latitude Tethyan continental margins
(Bralower et al., 1993). The smear slides prepared for calcareous
nannofossil biostratigraphic analyses were observed under a light
polarizing microscope (magnifications � 100 and � 200) to
investigate the presence of pyrite.

4.4.2. Radiolarian

Three samples from section A (7KA, 10KA, 11KA) and nine
samples from section B (8KB, 11KB, 18KB, 21KB, 24KB, 32KB, 36KB,
38KB, 41KB) were investigated for radiolarian assemblages. The
samples from section A were crushed into small fragments (ca.
2 cm) and soaked in dilute hydrochloric acid (8% w/w) for ca.
16 hours whereas the samples from section B were soaked in
hydrochloric acid 4% w/w for 24 hours. The samples were rinsed
with distilled water and dried in a temperature of 60 8C.
Radiolarians were observed under a stereoscopic microscope,



Fig. 7. Light microscope pictures of selected calcareous nannofossil species from the Kalarrytes section A. 1. Diazomatolithus lehmanii Noël, 1965; sample 1KA. 2.
Cyclagelosphaera margerelii Noël, 1965; sample 4KA. 3. Helenea chiastia Worsley, 1971; sample 25KA. 4. Watznaueria barnesiae (Black, 1959) Perch-Nielsen, 1968; sample 4KA.

5. Zeugrhabdotus embergeri (Noël, 1958) Perch-Nielsen, 1984; sample 1KA. 6. Zeugrhabdotus scutula (Bergen, 1994) Rutledge et Bown, 1996; sample 1KA. 7.
Micrantolithus hoschulzii (Reinhardt, 1966) Thierstein, 1971; sample 6KA. 8. Conusphaera mexicana subsp. mexicana Trejo, 1969; sample 1KA. 9, 10. Nannoconus kamptneri

subsp. kamptneri Bronnimann, 1955; sample 1KA. 11, 12. Nannoconus steinmannii subsp. minor Kamptner, 1931; sample 4KA. 13, 14. Nannoconus steinmannii subsp.

V. Karakitsios et al. / Geobios 51 (2018) 187–210 193
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picked using a trimmed paint brush, and transferred temporarily to
microslides for qualitative analysis.

4.5. Biomarker analysis

Seven samples from section A and one sample from section B
were selected for detailed investigation of the contained biomark-
ers, based on their stratigraphic level and their TOC content. The
analysis was carried out using gas chromatography–mass spec-
trometry (GC–MS) in the ‘‘Hydrocarbons Chemistry and Technol-
ogy’’ Research Laboratory, School of Mineral Resources
Engineering, Technical University of Crete. An experimental
protocol of extraction, desulfurization and extract fractionation
was applied as a preparatory scheme for the subsequent GC–MS
analysis. The seven samples from section A were extracted
ultrasonically. A three-solvent extraction scheme was followed
(Hopmans et al., 2000). In the sample from section B, the Soxhlet
extraction technique was applied for 24 hours using dichlorome-
thane (DCM) as solvent. The amounts of the obtained total lipid
extract (TLE) of each sample and the relative amounts of the
extractable organic matter are shown in Table S3 (Appendix A). The
total lipid extracts were treated with acid-activated copper to
remove elemental sulfur, following the procedure described by
Forster et al. (2004).

Column chromatography was used for the initial separation of
the rock extracts into fractions of increasing polarity. Three
fractions were collected by sequential elution with the following
solvents:

� n-hexane to elute aliphatic compounds;
� DCM: n-hexane (1:1 vol.) to elute aromatic compounds;
� DCM for the polar compounds.

The GC–MS analysis was carried out on an Agilent 7890A gas
chromatograph coupled to an Agilent 5975E mass spectrometer
with an automatic liquid sampler (ALS).

For the analysis of the seven samples from the Kalarrytes
section A, the GC was equipped with an electronic program
controlled (EPC) split-splitless injector and an Agilent capillary
column DB-5MS UI (30 m � 250 mm � 0.25 mm). Helium was used
as the carrier gas. The oven temperature was programmed at 40 8C
for 2 min, followed by a 20 8C.min�1 ramp to 200 8C, a second
2 8C.min�1 ramp up to 300 8C, and a final isothermal time of
20 min. The transfer line was set at 280 8C, and the MS source was
set at 230 8C. The injected volume was 0.5 ml, and the total run time
was 80 min. Six different internal standards were added prior to
GC–MS analysis to the aliphatic and the aromatic fractions. The
electron impact (EI)-mass spectra were acquired at 70 eV in full
scan mode (scan range from m/z = 50 to 550). Data were acquired
and processed under HP mS-ChemStation software. Compounds
were identified by their relative retention times and by comparison
with mass spectra reported in the literature.

For the analysis of the sample from section B, a different
capillary column was used (HP-5MS UI,
60 m � 250 mm � 0.25 mm). The oven temperature was pro-
grammed at 40 8C for 2 min, followed by a 20 8C.min�1 ramp up to
200 8C, a second 2 8C.min�1 ramp up to 300 8C, and a final
isothermal time of 60 min. The transfer line was set at 280 8C, and
the MS source was set at 230 8C. The injected volume was 0.5 ml,
and the total run time was 120 min.
steinmannii Kamptner, 1931; sample 1KA. 15, 16. Nannoconus globulus subsp. globulus Bro

Erba, 2002; sample 1KA. 18. Assipetra infracretacea (Thierstein, 1973) Roth, 1973; samp

sample 1KA. 20. Rucinolithus terebrodentarius Applegate et al. in Covington and Wise

Hayesites irregularis (Thierstein in Roth and Thierstein, 1972) Applegate et al. in Covington

25KA. Scale bars: 5 mm (1–5, 7–21, 24), 2 mm (6, 22, 23).
4.6. Scanning Electron Microscopy (SEM)

From the microslides (see Section 4.4.2), selected well-
preserved radiolarian specimens from both sections were trans-
ferred to copper SEM stubs, attached by means of a double-faced
adhesive tape, and coated with gold. A scanning electron
microscope JEOL JSM-6390 (Department of Historical Geology
and Paleontology, University of Athens) was used for SEM
observations and photograps of the specimens.

4.7. Repository

The slides prepared for the analyses of calcareous nannofossil
biostratigraphy and pyrite distribution of the Kalarrytes section A
are deposited in the Laboratory of the Department of Historical
Geology and Paleontology, National and Kapodistrian University of
Athens, with the curatorial numbers 1KA2014–26KA2014. The thin
sections and fossil radiolarian specimens prepared for SEM
analyses are deposited in the same Laboratory with the additional
numbers 7KATS301015 and SEMRAD1015A–SEMRAD1015B, re-
spectively. For the biostratigraphic analysis of the Kalarrytes
section B, fossil radiolarian specimens prepared for SEM analyses
are deposited in the same Laboratory with the numbers
SEMRAD1702168KB, SEMRAD17021611KB, SEMRAD17021618KB,
SEMRAD170216321KB, SEMRAD170216324KB, SEM-
RAD17021632KB, SEMRAD17021636KB, SEMRAD17021638KB,
and SEMRAD170216341KB.

5. Results

5.1. Biostratigraphy

5.1.1. Calcareous nannofossils

All the nannofossil taxa observed in the Kalarrytes section
(Fig. 7) are reported in a distribution chart (Fig. 8). Of the
26 samples, 20 are barren of nannofossils, 2 present traces of
nannofossils with only 1 or 2 species identified, and 4 present rare
to few nannofossils (1KA, 4KA, 6KA, 25KA). In the latter 4 samples,
the preservation is poor with strongly etched and moderately
overgrown specimens. Overall, thirty-three species have been
recognized. The assemblages are similar and characterized by age-
diagnostic taxa; sample 1KA exhibits the highest species richness.
In the four samples, the nannofossil assemblages are dominated by
Watznaueria barnesiae. In sample 1KA, other common taxa are the
group of Nannoconus, especially N. steinmannii (both subspecies
minor and steinmannii), and the group of Assipetra infracretacea

(common small- and rare large-sized) and
Rucinolithus terebrodentarius (medium- and large-sized); frequent
species are Watznaueria fossacincta, W. manivitiae,
Cyclagelosphaera margerelii, Zeugrhabdotus embergeri,
Lithraphidites carniolensis, and small specimens of
Helenea chiastia. In sample 4KA, nannofossils are rare, essentially
represented by W. barnesiae, then by W. fossacincta, Nannoconus

spp. and the group of Assipetra + Rucinolithus. In sample 6KA, the
group of Assipetra + Rucinolithus is common, and Nannoconus spp.
are frequent. In sample 25KA, common taxa are the group of
Assipetra + Rucinolithus whereas Nannoconus spp. became very
rare. Amongst very rare species, Retecapsa angustiforata,
Conusphaera mexicana mexicana and Micrantolithus hoschulzii are
found in samples 1KA and/or 4KA, 6KA, and 25KA. One specimen of
nnimann, 1955; sample 1KA. 17. Assipetra infracretacea subsp. larsonii Tremolada et

le 25KA. 19. Rucinolithus terebrodentarius subsp. youngii Tremolada et Erba, 2002;

, 1987; sample 6KA. 21. Rucinolithus wisei Thierstein, 1971; sample 1KA. 22, 23.
 and Wise, 1987; sample 1KA. 24. Lithraphidites carniolensis Deflandre, 1963; sample



Fig. 8. Distribution chart of calcareous nannofossils encountered in the Kalarrytes section A. The nannofossil preservation was evaluated following the classes defined by Roth

(1983). Class E3 and O3: samples with strongly etched and overgrown assemblages; Class E3-O2: samples with strongly etched and moderately overgrown assemblages. The

abundance terminology per field of view (FOV) is from Lozar and Tremolada (2003). Codes for total abundance: F, few (11%–50% of all particles); R, rare (1%–10% of all

particles); T, trace (< 1% of all particles); B, barren (no nannofossils are present). Codes for relative abundance of the recognized taxa: D, dominant (> 51% of the total

assemblage); A, abundant (11%–50% of the total assemblage); C, common (1%–10% of the total assemblage); F, few (0.1%–1% of the total assemblage); R, rare (< 0.1% of the

total assemblage); VR, very rare (< 1 specimen per 100 FOV). The same terminology is used for the relative abundance of pyrite.
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Hayesites has been found in samples 1KA and 25 KA; it could be
attributed to the species H. irregularis in sample 1KA. In sample
1KA, Micrantolithus obtusus and Zeugrhabdotus scutula have also
been recognized.

5.1.2. Radiolarian

Surface features of many of the observed radiolarian tests are
obscured by pyritization. The assemblages of samples 10KA, 11KA
and 38KB are similar and dominated by the species
Holocryptocanium barbui (Dumitrica, 1970). Seventeen radiolarian
taxa have been recognized, including the age diagnostic species
Hiscocapsa asseni (Tan, 1927), Dictyomitra communis (Squinabol,
1903), Rhopalosyringium fossile (Squinabol, 1903), and
Pseudodictyomitra lodogaensis (Pessagno, 1977) (Figs. 9–11). Thin
sections of rock samples from the stratigraphic level below the
organic-rich horizon (e.g., sample 7KA; Fig. 12) showed the
richness of radiolarian content in contrast to the absence of
foraminifera.

5.2. Bulk organic geochemistry

The stratigraphic, isotopic and bulk organic matter characte-
ristics of the 68 samples investigated are listed in Tables S1 and S2
(Appendix A) and illustrated in Fig. 13. The values of the total
organic carbon content (TOC) are generally low (< 0.2 wt% of the
bulk rock). Only two samples from section A (10KA and 11KA) and
one sample from section B exhibit significantly higher concentra-
tion of organic matter (characteristic peaks in the curves of Fig. 13).
The CaCO3 content ranges between < 10 and 51.07% w/w for the
samples of section A and between 0.94 and 89.95% for the samples
of section B. The determined Tmax values range from 341 to 470 8C
for the samples of section A, and from 373 to 508 8C for the samples
of section B.

5.3. Chemostratigraphy

5.3.1. Pyrite clusters

The light microscope observation of the smear slides prepared
from the samples of the section A and used for calcareous
nannofossil semi-quantitative analyses showed the presence of
pyrite clusters in almost all the stratigraphic levels of the section
(Figs. 14, 15). They are particularly abundant in the black shale
interval (samples 10KA and 11KA; Figs. 8, 14, 15).

5.3.2. Stable carbon and oxygen isotopes

Carbon- and oxygen- isotope profiles through the studied
sections are presented in Fig. 13. For the isotopic curve of the
section A, despite the relative low sampling resolution throughout
the investigated section, there is a sharp negative carbon isotope
excursion concurrent with an abrupt increase in TOC values in the
interval characterized by shale deposits. A synchronous negative
d18O excursion can also be observed. The relative high sampling
resolution (every 5–10 cm) through section B allowed a more
reliable separation and labeling of the different segments of the
isotopic curve according to the reference C-isotope segments
firstly described by Menegatti et al. (1998). Indeed, the bulk
d13Ccarb-values in limestone of the lower part of the Kalarrytes
section B exhibit features consistent with those observed in the
pre-OAE 1a segment C2 of Menegatti et al. (1998) (Fig. 13). Just
before the onset of the anoxic deposition, a clear negative shift in



Fig. 9. SEM photomicrographs of radiolarians extracted from sample 10KA of the Kalarrytes section A. 1. Sethocapsa orca (Foreman, 1975). 2. Hiscocapsa asseni (Tan, 1927). 3, 4,
12. Dictyomitra communis (Squinabol, 1903). 5. Pseudodictyomitra carpathica (Lozyniak, 1969). 6. Xitus clava (Parona). 7. Rhopalosyringium fossile (Squinabol, 1903). 8.
Sethocapsa uterculus (Parona, 1890). 9. Praeconosphaera sp. (Yang, 1993). 10. Archaeodictyomitra sp. (Pessagno, 1976). 11. Pseudodictyomitra lodogaensis (Pessagno, 1977). 13.
Thanarla brouweri (Tan Sin Hok, 1927). 14. Archaeodictyomitra lacrimula (Foreman, 1973). 15. Holocryptocanium barbui (Dumitrica, 1970). Scale bars: 100 mm.

V. Karakitsios et al. / Geobios 51 (2018) 187–210196



Fig. 10. SEM photomicrographs of radiolarians extracted from samples of Kalarrytes B section. 1. Dictyomitra communis (Squinabol, 1903); sample 8KB. 2. Xitus clava (Parona);

sample 8KB. 3. Thanarla brouweri (Tan Sin Hok, 1927); sample 8KB. 4. Hiscocapsa asseni (Tan, 1927); sample 8KB. 5. Dictyomitra communis (Squinabol, 1903); sample 8KB. 6.
Dictyomitra communis (Squinabol, 1903); sample 36KB. 7. Holocryptocanium barbui (Dumitrica, 1970); sample 8KB. 8. Dictyomitra communis (Squinabol, 1903); sample 8KB. 9.
Xitus clava (Parona); sample 8KB. 10. Thanarla sp. (Pessagno); sample 8KB. 11. Praeconosphaera sp. (Yang, 1993); sample 8KB. 12. Sethocapsa orca (Foreman, 1975); sample

11KB. 13. Xitus clava (Parona); sample 11KB. 14. Pseudodictyomitra carpathica (Lozyniak, 1969); sample 11KB. 15. Archaeodictyomitra lacrimula (Foreman, 1973); sample 11KB.

16. Pseudodictyomitra carpathica (Lozyniak, 1969); sample 11KB. 17. Thanarla brouweri (Tan Sin Hok, 1927); sample 11KB. 18. Thanarla sp. (Pessagno); sample 11KB. 19.
Holocryptocanium barbui (Dumitrica, 1970); sample 18KB. 20. Thanarla pacifica Nakaseko et Nishimura; sample 18KB. 21. Praeconosphaera sp. (Yang, 1993); sample 18KB. 22.
Holocryptocanium barbui (Dumitrica, 1970); sample 18KB. 23. Praeconosphaera sp. (Yang, 1993); sample 18KB. 24. Pseudodictyomitra carpathica (Lozyniak, 1969); sample

21KB. 25. Lithomitra (Archaeodictyomitra) excellens (Tan Sin Hok 1927); sample 21KB. 26. Pseudodictyomitra carpathica (Lozyniak, 1969); sample 21KB. 27. Xitus clava (Parona);

sample 32KB. 28. Hiscocapsa uterculus (Parona); sample 8KB. 29. Thanarla brouweri (Tan Sin Hok, 1927); sample 8KB. 30. Rhopalosyringium fossile (Squinabol, 1903); sample

41KB. Scale bars: 100 mm (1, 3–5, 7–11, 14, 20, 24–26, 28–30), 50 mm (2, 6, 12, 13, 15–19, 21–23, 27).
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Fig. 11. Stratigraphic ranges of radiolarian species found in samples of the Kalarrytes sections A and B.

Fig. 12. Limestone containing numerous radiolarian in a micritic matrix. Thin section of sample 7KA (depth 7.23 m) under plane polarized light. Scale bars: 200 mm.
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d13Ccarb-values (from 1.31 to �0.73%) is observed, reliably
correlated with the sharp negative shift in d13Ccarb (segment C3
of Menegatti et al., 1998) that characterizes the basal part of the
OAE 1a level in the Cismon section. Then d13Ccarb increases
(segments C4–C5 of Menegatti et al. 1998). After a sharp decrease
of d13Ccarb at the end of C5 (sample 7KA; Table S1, Appendix A), a
return to background isotopic values (C6 and C7 segments) is
observed in the isotopic curve of section A (Fig. 13).

5.3.3. Biomarker analysis

Representative GC–MS signals of the aliphatic fraction, total ion
chromatogram (TIC) and m/z 57 and m/z 191 ion chromatograms
are shown in Figs. 16–18. Based on these chromatograms, a series
of biomarker compounds were identified and characteristic
geochemical indices were calculated using their peak areas (Table
S4, Appendix A).

n-Alkanes are abundant in the aliphatic fraction of all analyzed
extracts, with C-chain length ranging from C11 to C38 (Fig. 16). The
average chain length (ACL) of n-alkanes, calculated after Cranwell
(1973), ranges from 27.55 to 28.98 for the seven samples of the
Kalarrytes section A. The sample from section B has a relatively low
ACL value (27.76; Table S4). The Carbon Preference Index (CPI)
values of the seven analyzed samples of section A, calculated after
Bray and Evans (1961), vary between 0.93 and 1.17 (Table S4),
whilst the two highest values correspond to the organic-rich
samples 10KA and 11KA. The sample 38KB from section B has an
even higher value (1.56; Table S4). The studied samples from
section A show OEP values (odd-even predominance; Scalan and



Fig. 13. Lithostratigraphic log, bulk geochemical and stable (C, O) isotope profiles through the Kalarrytes sections A and B. Summary of biostratigraphic data based on

observed distribution of calcareous nannofossils through the Kalarrytes section A. Labels C2–C7 indicate segments of the stable isotope curves of the Kalarrytes sections A and

B corresponding to segments of reference stable isotope curves studied by Menegatti et al. (1998) in the pelagic carbonate sections of the Southern Alps of northern Italy

(Cismon section) and Swiss Prealps (Roter Sattel section). The pale blue band indicates the chemostratigraphically defined OAE 1a.
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Fig. 14. Isolated and clustered pyrite framboids in association with microfossil

fragments (possibly diatoms). Sample 7KA, depth 7.23 m. Smear slide

photomicrograph under plane polarized light, � 100. Scale bar: 200 mm.

Fig. 15. Clusters of framboidal pyrite associated with plant debris. Sample 10KA,

depth 6.00 m. Smear slide photomicrograph under plane polarized light, �200.

Scale bar: 100 mm.
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Smith, 1970) between 0.99 and 1.14. The sample 38KB from section
B has a higher OEP value (1.54; Table S4).

In the samples the isoprenoids pristane and phytane were
recognized; the pristane/phytane (Pr/Ph) ratio ranges between
0.14 and 1.60 for the samples of section A, and equals 0.35 for the
only sample analysed from section B (Table S4). The R22 index (ten
Haven et al., 1988) ranges from 0.85 to 2.43 for the samples of
section A, and is 0.69 for the sample 38KB from section B. Lycopane
was identified in the two organic-rich samples of the section A
(10KA and 11KA), with lycopane/n-C31 ratio of 0.65 and 0.28,
respectively (Tables S4, S5; Appendix A). In the three organic-rich
samples from both sections (10KA, 11KA, 38KB), biomarker
compounds such as steranes, hopanes and terpanes were
recognized. Among others, dinosterane was identified based on
the spectrum published by Summons et al. (1987) (Figs. 17, 18).

In the aromatic fraction, various aromatic steroids were
identified (Figs. 17, 18; Table S6, Appendix A).

In the aliphatic fraction of the samples 10KA, 11KA and 38KB
(ion chromatogram m/z 191), hopanoid compounds were recog-
nized and considered for the calculation of the Ts/Ts+Tm ratio
(0.41 and 0.23 for samples 11KA and 38KB, respectively), C30
moretane/C30 hopane ratio (0.27, 0.22 and 0.15, respectively), and
C32 22S/22S+22R homohopane ratio (0.24, 0.41 and 0.46,
respectively; Table S4, Appendix A). Gammacerane was recognized
only in samples 11KA and 38KB, giving gammacerane/C30 hopane
ratio values of 0.30 and 0.24, respectively (Table S4). Among the
hopanoid compounds shown in the m/z 191 ion chromatogram of
sample 11KA are two methyl-hopanes (Fig. 17; Table S5, Appendix
A). Their identification was based on the presence of the
characteristic m/z 205 fragment ion in their mass spectra,
originating from a methyl group bound to the A-ring of the
hopanes (Aguiar et al., 2011). The 2-Me-hopane index (cyano-
bacterial index) was calculated after Summons et al. (1999) for
only one of the two organic-rich samples of section A in which
were recognized a C32, 2-methyl-17b(H), 21a(H)-homomoretane
and a C32, 2-methyl-17b(H), 21b(H)-homohopane, coeluting with
C31, 17b, 21b(H)-homohopane. The resulting cyanobacterial index
value is 8.97%. Among the terpenoid compounds recognized in the
samples are tricyclic terpanes (aliphatic fraction), phenanthrene,
cadalene and retene, (aromatic fraction; Figs. 17, 18; Table S6,
Appendix A). The retene/phenanthrene ratio was calculated for the
two organic-rich samples of section A, with values of 0.07 and
0.31. The compound retene was not identified in the aromatic
fraction of the sample 38KB.

6. Discussion

6.1. Chronostratigraphic framework

According to Tremolada and Erba (2002), the stratigraphic range
of large-sized specimens of Assipetra (A. infracretacea larsonii) and
Rucinolithus (R. terebrodentarius youngii) is Aptian. The recognition of
the Barremian/Aptian boundary is linked to the first occurrence (FO)
of H. irregularis (Thierstein, 1973; Bralower, 1987; Coccioni et al.,
1992; Bralower et al., 1993), which is widely used as a basal Aptian
marker at low latitudes (Bergen, 1994), whereas it is rare and
sporadic in boreal sections (Bown et al., 1998). Cecca et al. (1994)
have shown in two tethyan sections that the first appearance datum
(FAD) of H. irregularis occurs in the uppermost part of the Tethyan
M. sarasini ammonite zone and consequently predates the
Barremian/Aptian boundary. Erba (2004) shows in a synthesis of
major biotic events in the late Barremian–Aptian interval that a
nannoconid decline occurs just before the FO of H. irregularis, which
is followed by the first co-occurrences of both A. infracretacea larsonii

and R. terebrodentarius youngii. Four species amongst taxa recog-
nized in this study have their last occurrence (LO) in the early Aptian:
first C. rothii/C. mexicana, then N. steinmannii and R. angustiforata

(Bralower et al., 1993). Herrle and Mutterlose (2003) have shown
that the late early Aptian interval is characterized by high
abundances of large specimens of Assipetra infracretacea and
Rucinolithus terebrodentarius. In the sample 1KA, overgrown
specimens of Crucilliepsis cuvillieri were observed, suggesting a
reworking of older strata, since the normal extinction level of this
species is late Hauterivian. Many publications mentioned the
occurrence of this species in Barremian and early Aptian samples
(Bralower et al., 1993; Erba et al., 1999; Channell et al., 2000; Lozar
and Tremolada, 2003; Godet et al., 2010).

According to their general composition and more specifically
because of the presence of specimens attributable to H. irregularis

in the first studied sample 1KA, the assemblages recognized in the
samples 1KA, 4KA, and 6KA can possibly be attributed to the
Subzone NC6A, or Conusphaera rothii Subzone of Bralower et al.
(1993), which corresponds to the interval from the FO of
H. irregularis to the LO of C. rothii. The assemblages of the sample
25KA (collected from the interval with shales) characterized by
common Assipetra and Rucinolithus, very rare Nannoconus spp., and
the absence of Conusphaera, could be attributed to the Subzone
NC6B, or Grantarhabdus coronadventis Subzone of Bralower et al.
(1993), which corresponds to the interval from the LO of C. rothii to



Fig. 16. m/z 57 ion chromatograms of the aliphatic fraction of the analyzed samples showing the distribution of n-alkanes.
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Fig. 17. A. Chromatograms of the aliphatic fraction of selected samples from the Kalarrytes section A. 1: m/z 57 ion chromatogram, sample 11KA; 2: m/z 57 ion chromatogram,

sample 20KA; 3: Partial Total Ion Current chromatogram, sample 10KA; 4: m/z 191 ion chromatogram, sample 11KA. Peak assignments are given in Table S5 (Appendix A). B.
Chromatograms of the aromatic fraction of selected samples from the Kalarrytes Section A. 1: m/z 231 ion chromatogram, sample 11KA; 2: Partial Total Ion Current

chromatogram, sample 11KA. Peak assignments are given in Table S6 (Appendix A).
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Fig. 18. A. Chromatograms of the aliphatic fraction of sample 38KB from the Kalarrytes section B. top: Partial m/z 57 ion chromatogram; middle: Partial Total Ion Current

chromatogram; bottom: Partial m/z 191 ion chromatogram. Peak assignments are given in Table S5 (Appendix A). B. Chromatograms of the aromatic fraction of sample 38KB

from the Kalarrytes section. B. Top: Partial m/z 231 ion chromatogram; bottom: Partial Total Ion Current chromatogram. Peak assignments are given in Table S6 (Appendix A).
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the FO of Eprolithus floralis. No specimens of E. floralis have been
observed in the Kalarrytes section A. All these data give an age of
early to middle early Aptian for the four nannofossil-bearing
samples of the Kalarrytes section A (1KA, 4KA, 6KA and 25 KA;
Figs. 7, 8, 13).

The scarcity of Nannoconus spp. recognized in the sample 25KA
could correspond to the nannoconid crisis (Erba, 1994). It starts
just before the OAE 1a and spans the entire event (Erba, 2004). The
biostratigraphic evaluation of radiolarian assemblages was based
on the biozonation scheme of Baumgartner et al. (1995). The
presence of key radiolarian taxa in the studied samples (Figs. 9–11)
indicates an early Aptian age for the organic-rich horizons of the
Kalarrytes sections A and B, compatible with the age yielded from
calcareous nannofossil data. It is worth noting here that the
previous local biostratigraphic studies on the Pindos Zone did not
date the Aptian–Albian interval directly, due to the absence or poor
preservation of characteristic foraminifera (Fig. 12). This age was
deduced by stratigraphic framing (Fleury, 1980; Degnan and
Robertson, 1998; Neumann and Zacher, 2004). The early Aptian
black shale intervals of the Kalarrytes sections represent the local



Fig. 19. Correlation of lithostratigraphic and stable carbon isotopic data from the Kalarrytes sections A and B (this study; Pindos Zone, NW Greece) with those of the Cismon section (Menegatti et al., 1998; former eastern margin of

the Alpine Tethys Ocean, southern Alps, northern Italy), Roter Sattel section (Menegatti et al., 1998; former western margin of the Alpine Tethys Ocean, Préalpes Médianes Romandes, western Switzerland), Paliambela section

(Danelian et al., 2004; Ionian Zone, NW Greece), Coppitella section (Luciani et al., 2006; Apulia Platform, Southern Italy), and Yenicesihlar section (Hu et al., 2012; Sakarya Zone, Central Turkey). The stippled interval represents the

OAE 1a (Selli Event) equivalent, recorded in the studied sections.
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lithological expression of the OAE 1a (Selli Event), as attested by
the similarities between the isotopic curves, representing the
bulk d13C record of the sections A and B, and the comparable
isotopic curves for the OAE 1a described by Menegatti et al. (1998)
(Figs. 13, 19).

6.2. Paleoenvironmental interpretations of chemostratigraphic data

6.2.1. Euxinic depositional environments during the OAE 1a

It is known that the early Aptian OAE 1a represents an episode
of global perturbation in the marine inorganic and the marine/
terrestrial organic carbon reservoirs, due to excess burial of organic
matter. The presence of pyrite in almost all stratigraphic levels of
the Kalarrytes section A, especially in the black shales interval
where it is abundant, is an indication of the prevalence of sulphidic
conditions (i.e., anoxic conditions in combination with high
concentrations of hydrogen sulphide) during sedimentation (van
Dongen et al., 2007). This is in accordance with other studies that
document the presence of pyrite in sediments deposited during the
OAE 1a in different locations. Bellanca et al. (2002) identified the
Livello Selli equivalent in the biostratigraphically-constrained
Aptian succession outcropping at Calabianca (NW Sicily). According
to these authors on the basis of optical microscopy and SEM
observations, pyrite occurs as small framboids (< 8 mm), with major
framboidal pyrite in the lower part of the Livello Selli equivalent.
Lechler et al. (2014) presented isotopic data obtained from lower
Aptian shallow-water platform carbonates of the central Tethyan
region. In the studied sections, d34S shows a positive shift, coeval
with the carbon-isotope positive excursion associated with the
OAE 1a. This positive excursion is interpreted to reflect enhanced
pyrite burial in marine sediments under euxinic conditions. These
results imply that during OAE 1a oxygen-deficient waters spread
over large areas, locally attaining euxinic conditions.

Regardless of their origin from oxic, dysoxic or euxinic
environments, the majority of pyrite occurs in sedimentary rocks
as spherical or irregularly shaped, single and clustered framboids,
and rarely as euhedral crystals and replacements of organic matter
(Wilkin et al., 1996). In euxinic environments, pyrite can form in
the water column and settles to the sediment–water interface prior
to burial (syngenetic pyrite), as well as in situ within the pore-waters
of anoxic marine sediments underlying oxic water columns below
the sediment–water interface (diagenetic pyrite; Raiswell and
Berner, 1985). The pyrite formation in euxinic sediments is iron-
limited and occurs before and after burial due to the lack of
bioturbation. The DOP (Degree of Pyritization of Iron) values for oxic
sediments are considerably lower than for euxinic and dysoxic
sediments. These conditions result in higher concentrations of pyrite
in euxinic sediments compared to oxic and dysoxic ones (Raiswell
and Berner, 1985). This is compatible with the peak of pyrite
framboids abundance recorded in samples 10KA and 11KA (Fig. 8).

According to Wilkin et al. (1996), pyrite framboids contained in
modern sediments underlying sulphidic water columns are on
average smaller and less variable in size than framboids from
sediments underlying oxic or dysoxic water columns. The
framboid size distribution is a property that does not significantly
change during early diagenesis and can persist over geologic time.
In the samples collected from the Kalarrytes section A, rough pyrite
framboids size distribution estimates were made under the light
microscope. The abundant pyrite framboids in samples 10KA and
11KA are single, discrete, small (diameter < 20 mm), spheroid and
uniformly sized, whereas in the other samples of the section they
are much fewer, slightly larger, irregularly shaped and in variable
diameters (Figs. 14, 15).

The hydrogen sulphide needed for the formation of iron
sulphides in anoxic environments is produced via bacterial
reduction of sulphate by anaerobic microorganisms (van Dongen
et al., 2007). Hydrogen sulphide can also be produced during
anaerobic oxidation of methane (Goldhaber, 2003; Burdige, 2006)
performed by consortia of methanotrophic archaea and sulphate
reducing bacteria (Hinrichs et al., 2000). The depth of the horizon
where this reaction occurs, the sulphate/methane transition zone,
depends on many factors (van Dongen et al., 2007).

6.2.2. Biotic responses, microbial community structure and primary

productivity variations during the OAE 1a

The presence of iron sulphide nodules is in accordance with the
presence of bacterial biomarkers in the studied samples (e.g.,
hopanoids), and also with biomarkers indicative of anoxic
conditions in the depositional environment such as lycopane
(Sinninghe Damsté et al., 2003) and gammacerane (Forster et al.,
2004; Table S5, Appendix A). Possible sources of lycopane in
marine environments are methanogenic archaea (e.g., Brassell
et al., 1981) or photoautotrophic algae (e.g., Wakeham et al., 1993).
Comet et al. (1981) reported a high abundance of lycopane,
compared to n-alkanes, in samples from sediments deposited in an
oxygen-depleted water-column setting, with surface waters
characterized by high algal productivity. According to Sinninghe
Damsté et al. (2003), the abundance of lycopane (usually coeluting
with n-C35 alkane) has an implication for the past changes in the
state of water-column oxygenation. The elevated values of the
lycopane/n-C31 alkane ratio recorded empirically in sediments
deposited under anoxic conditions have possibly originated from
the greater vulnerability of the lycopane precursor compound to
degradation under oxic conditions compared to n-alkanes.
Lycopane was used from many authors as paleoredox indicator
in various depositional settings (e.g., van Bentum et al., 2012),
although its source organism is still unknown and the interpreta-
tion of the lycopane/n-C31 ratio values is difficult due to the
multistep natural biogeochemical processes of land-derived, long-
chain n-alkanes degradation and lycopane production (Sinninghe
Damsté et al., 2003).

Gammacerane is a C30 pentacyclic triterpenoid, derived
presumably from tetrahymanol, a compound with various possible
source organisms (ciliates, ferns, fungi, bacteria). The occurrence of
abundant gammacerane in sediments deposited under evaporitic
conditions lead many authors in the past to suggest this as an
indicator of hypersalinity. According to ten Haven et al. (1985), the
ratio gammacerane/C30 17a(H), 21b(H) hopane increases in
hypersaline environments. Now it is clear that gammacerane is
not necessarily restricted to this type of deposits. Sinninghe
Damsté et al. (1995) suggested a pathway for the biosynthesis of its
precursor compound tetrahymanol in predatory ciliates living at or
below the aerobic-anaerobic interface of a stratified water column
and feeding exclusively on anaerobic prokaryotic organisms like
green and purple sulphur bacteria, and sulphide oxidizing bacteria.
Dominance of bacteria and absence of eukaryotic organisms are
expected in anaerobic environments. Since these conditions are
necessary for the formation of tetrahymanol, its diagenetic
product – gammacerane – in sediments could be considered as
an indicator for water column stratification, typical in various
euxinic environments.

The isoprenoids pristane and phytane are primarily derived
from the chlorophyll’s phytol side chain (e.g., Didyck et al., 1978).
However, alternative sources, such as archaebacterial ether lipids
for both molecules (Didyck et al., 1978), or tocopherols for pristane
(Brassell et al., 1983), have been proposed, which could complicate
paleoenvironmental reconstructions. The pristane/phytane ratio is
often used as an indicator of redox conditions of the depositional
environment (Forster et al., 2004). The values of Pr/Ph ratio
calculated for the two organic-rich samples of the section A (10KA
and 11KA: 1.36 and 1.60, respectively; Table S4, Appendix A) are
not indicative of anoxic conditions. Nevertheless, it should be
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mentioned that this ratio may be influenced by the thermal
maturity level, as the abundance of both compounds in the free
hydrocarbon fraction is affected by their thermal generation from
precursors and their liberation from the bound biomarker fraction
(Koopmans et al., 1999). Consequently, according to Volkman and
Maxwell (1986) the pristane/phytane ratio should be used with
caution for the assessment of paleoredox conditions. Indications
for the thermal immaturity of the two organic-rich samples of the
section A are derived independently from the C30 moretane (ba
hopane)/C30 (bb+ab) hopane ratio values (Mackenzie et al., 1980;
Seifert and Moldowan, 1980; Peters et al., 2005), the C32 22S/
22S+22R homohopane ratio values (Ensminger, 1977), the Ts/
Ts+Tm ratio value (Seifert and Moldowan, 1978; Moldowan et al.,
1986), the CPI values (Bray and Evans, 1961), and the OEP values
(Scalan and Smith, 1970; Table S4, Appendix A).

Tmax values of 421 and 422 8C for samples 10KA and 11KA,
respectively (Table S1, Appendix A), are indicative of the thermal
immaturity of the organic matter and support the hypothesis that
the primary organic signal is not affected by thermal alteration.
Conversely, there are geochemical evidences (Ts/Ts+Tm ratio, C30
moretane/C30 hopane ratio, C32 22S/22S+22R homohopane ratio,
CPI and OEP values, and Tmax value of 436 8C) for the thermal
maturity of the organic-rich sample 38KB from section
B. Following the above mentioned evidences, the pristane/phytane
ratio calculated for this sample (0.35; Table S4, Appendix A) would
be indicative for anoxic conditions.

From the interpretation of n-alkanes distribution (Eglinton and
Hamilton, 1967; Tissot et al., 1977; Simoneit et al., 1991; Brocks
and Summons, 2003) and the presence of various biomarkers
(hopanes, irregular isoprenoids, terpenoids) in the analyzed
samples from the Kalarrytes section A, arises an initial estimation
that the organic matter in the black shales interval of this section is
dominantly derived from marine algal, microbial, cyanobacterial,
and possibly archaeal sources with varying contributions of
terrestrial plant material. In the sample 38KB Kalarrytes section
B) were also found abundant marine algal, microbial and
cyanobacterial biomarkers, but not many evidences for an archaeal
or terrestrial contribution.

Dinosterane was identified in the most organic-rich samples
from both sections (Fig. 17); this compound belongs to the group of
C30 steranes, the most diagnostic biomarkers for marine
depositional environments (Peters et al., 1986). Steranes originate
from sterols of eukaryotic organisms (Volkman and Maxwell,
1986). Dinoflagellates are the only organisms reported to date to
biosynthesise predominantly 4-methyl sterols (precursor
compounds of dinosterane). They are the only organisms to
contain sterols with the dinosteroid skeleton in significant
amounts (Thomas et al., 1993). In the present oceans, dinoflagel-
lates, diatoms and coccolithophores are the most prominent
members of phytoplanktonic communities (Thomas et al., 1993),
and it is expected that there is a significant contribution from these
organisms to recent marine sediments. Hypothetically, dinofla-
gellates were important contributors to the organic matter
deposited during the OAE 1a. It should be mentioned that Volkman
et al. (1989) reported the presence of dinosterol (precursor of
dinosterane) in a marine diatom, thus the use of dinosterane as a
specific dinoflagellates marker needs caution (Thomas et al., 1993).
However, this compound seems to be restricted to marine
environments (Summons and Capon, 1988). Dinoflagellates are
organisms that are resistant to variations in salinity and other
environmental conditions (Volkman et al., 1999). The finding of
dinoflagellates cysts in rock samples where dinosterane was also
identified could be interpreted as additional evidence of its origin
from these organisms.

The dominance of prokaryotic organisms in the organic matter
shown by the hopanoid abundance in samples 10KA, 11KA and
38KB (Table S5, Appendix A) may be related to the presence of large
cyanobacterial populations as likely contributors of these
compounds in the depositional paleoenvironment. More specifi-
cally, the occurrence of 2b-methylhopanes in the aliphatic fraction
of sample 11KA (Fig. 17; Table S5, Appendix A) indicates the
presence of cyanobacteria in the corresponding interval (Dumi-
trescu and Brassell, 2005, van Breugel et al., 2007, Aguiar et al.,
2011). The 2a-methylhopanes have lost their biological configu-
ration and are common in mature sediments and oils; they
probably originate from the biogenic, relative unstable 2b-
methylhopanes. According to Aguiar et al. (2011), 2a-methylho-
panes, originating from cyanobacteria, generally characterize
marine samples whereas lacustrine ones are often enriched in
3b-methylhopanes.

Kuypers et al. (2004) suggested that cyanobacteria were the
major primary producers during the OAE 1a in the Tethys Sea
(Cismon, Italy) and Pacific Ocean (DSDP Site 463), as inferred from
the observed abundance of the cyanobacterial lipid biomarkers (2-
methylhopanoids). According to Kashiyama et al. (2008), during
the OAE 1a in the western Tethys Sea, the nitrogen used by the
photoautotrophic community was supplied mostly via N2 fixation
by cyanobacteria. Dumitrescu et al. (2006) also suggested a major
contribution of cyanobacterial organic matter in the OAE 1a black
shales from the Pacific Ocean (Shatsky Rise, ODP Leg 198), based on
the abundance of 2-methylhopanoids. Ratios of methylhopanes to
hopanes such as the cyanobacterial index are calculated as source
indicators, thus reflecting the composition of bacterial populations
during sedimentation (Aguiar et al., 2011). The determined value of
cyanobacterial index in the present study is relatively low in
comparison with the results reported by van Breugel et al. (2007)
for Cismon, Italy, and DSDP Site 463, Mid-Pacific Mountains. In the
Goguel level, southeastern France, the 2-MHI (cyanobacterial
index) is between 5 and 25%, but its algae are produced as minor
component after the OAE 1a (2-MHI < 5%; Ando et al., 2013).
Furthermore, the already mentioned value does not provide strong
evidence for a significant contribution of cyanobacteria to the
sedimentary organic matter because it was calculated for only one
representative sample from the Kalarrytes section A. A high-
resolution, targeted biomarker study is needed to further decipher
this situation.

There are many evidences that during OAE 1a and OAE 2,
oceanic conditions favoring the prevalence of cyanobacteria
among other phytoplanktonic groups were developed. This is a
noticeable feature of Cretaceous OAEs (Asif and Fazeelat, 2012;
Capone et al., 2005; Dutta et al., 2011; Lee and Brocks, 2011;
Pedentchouk et al., 2004; Kuypers et al., 2004; Dumitrescu et al.,
2006; Ando et al., 2013). A clear variation of the organic matter
sources during the development of the studied anoxic event can be
inferred from the biomarker analysis data of the Kalarrytes section
A. A mixed origin of the organic matter during some intervals of
this section (e.g., from the depth of 6.00 to 5.92 m) cannot be
excluded. In these intervals, terrestrial organic matter coexists
with organic matter from marine phytoplanktonic communities in
different proportions, as biomarker data indicate (Tables S5, S6;
Appendix A). For the black shale interval of the Kalarrytes section B,
there are abundant biomarker evidences of a purely marine origin
of the organic matter with negligible terrestrial contributions.

According to Okano et al. (2007) who analyzed rock
samples from the Goguel level (OAE 1a), and Kilian and
Paquier levels (OAE 1b) in the Vocontian Basin (southeastern
France), there is no evidence for terrestrial input during the OAE 1a,
in contrast to the OAE 1b. In samples 10KA and 11KA there are
many evidences for terrigenous input in the organic-rich
deposits. The variable presence of high molecular weight n-
alcanes through the Kalarrytes section A could be an evidence of
terrestrial organic matter, as can be seen in the chromatograms of
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Figs. 16 and 17. Apart from the CPI values (Table S4, Appendix A)
interpreted after Bray and Evans (1961), an additional evidence for
significant terrigenous input arises from the presence of tricyclic
terpanes in the aliphatic fraction of samples 10A and 11A
(Greenwood and George, 1999, Greenwood et al., 2000), and
terpenoid compounds such as cadalene and retene, a terrigenous
biomarker with high specificity originated from gymnosperm
plants (mostly conifers) in the aromatic fraction of these samples
(Simoneit et al., 1993; Table S6, Appendix A). The aromatic fraction
of sample 38KB is characterized by the absence of these
compounds. In samples 10KA and 11KA, the values calculated
for the retene/phenanthrene index are relative high. This evidence
is compatible with the observations of Dumitrescu and Brassell
(2005) and van Breugel et al. (2007). According to these authors,
there is a significant contribution of terrestrial organic matter
during OAE 1a, although this contribution has not been universally
recorded in all studied sections as a typical situation for this anoxic
event.

6.3. Correlations with coeval OAE 1a levels in the

surrounding regions

The Kalarrytes sections A and B, corresponding to an oceanic
environment, are compared with the Paliambela section of NW
Greece (Danelian et al., 2002, 2004). These paleogeographic areas
are separated by the extensive Gavrovo-Tripolis carbonate
platform. The Paliambela section belongs to the Ionian Basin, an
epicontinental basin formed during the Pliensbachian (Early
Jurassic) into the huge Apulia Platform and since then separated
from the Pindos Ocean by the Gavrovo-Tripolis platform (Kara-
kitsios, 1995). Consequently, the observed differences between the
sections of these areas mainly relate to the thicker and more
organic-rich alternating anoxic horizons in the Paliambela section
(TOC content ranging from 0 to 6.65%). These differences reflect the
restricted environment of the Ionian epicontinental sea, which
locally enhanced anoxic conditions during OAE 1a, as documented
by the presence of rich source rock horizons in many stratigraphic
levels (Karakitsios, 1995, 2013). The reduced thickness of the
Kalarrytes anoxic horizons is due to the condensed sedimentation
of the Pindos sequence, which is consistent with its oceanic nature.
Nevertheless, all three sections present low calcium carbonate
content within the OAE 1a horizon and a blooming of radiolarian
populations as a result of enhanced paleoproductivity (Danelian
et al., 2002). Samples from these sections exhibit similarities
concerning the radiolarian composition (e.g., presence of
Dictyomitra communis and Pseudodictyomitra carpathica). Addi-
tionally, the anoxic horizons of Kalarrytes A and Paliambela
sections are characterized by thermal immaturity (similar Tmax

values), and they were also deposited under euxinic conditions as
suggested by the presence of pyrite.

Graziano (2013) correlated the OAE 1a in the Apulia
Carbonate Platform Margin-Ionian Basin system (Gargano Prom-
ontory, southeastern Italy) with pelagic sections of the Ionian
basin (Coppitella, eastern Gargano, and Paliambela, northwestern
Greece). He concluded that the Apulia shallow-water ecosystem
reacted to the environmental disruptions leading to the onset of
the OAE 1a sooner than that of the Coppitella and Paliambela
sections, corresponding to more open sea environments. Conse-
quently, this difference is more clearly expressed in the Kalarrytes
sections which represent an oceanic environment.

Hu et al. (2012) studied the OAE 1a along the pelagic
Yenicesihlar section (Mudurnu, central Turkey). This oceanic
depositional environment is equivalent to the one represented
by the distant Kalarrytes sections, as illustrated by the similarities
concerning the lithology, the anoxic horizon thickness and the TOC
values, ranging from 0.9 to 2.05%. Nevertheless, the slightly
different isotopic curves reflect the diversified local records of the
OAE 1a. These correlations are presented in Fig. 19.

7. Conclusions

The present study is the first documentation of the OAE 1a in the
Pindos oceanic sequence of Western Greece. The characteristic
isotopic excursion of this anoxic event is well documented
(particularly for the Kalarrytes section B), constrained by calcareous
nannofossil and radiolarian biostratigraphic data in the time interval
of early to middle early Aptian. The prevalence of anoxic conditions
during this time interval leading to the preservation of the
sedimented organic matter is attested from the geochemical data
(maximum TOC value 3.65%). The presence of pyrite in the black
shale stratigraphic level of the Kalarrytes section A is an important
indication of the marine anoxia together with the high concentration
of hydrogen sulphide. Biomarker analyses show mostly immature
organic matter of predominantly marine origin with terrigenous
contribution (lower in the case of the Kalarrytes section B). Among
the main source organisms of the organic matter are dinoflagellates,
bacteria and cyanobacteria, as evidenced by the presence of
dinosterane, hopanoids, and methyl-hopanoids, respectively. The
characteristics of the Pindos organic-rich deposits show noticeable
similarities with coeval early Aptian strata where the impact of
OAE 1a has also been previously recorded.
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N2- fixing cyanobacteria supplied nutrient N for Cretaceous oceanic anoxic
events. Geology 32, 853–856.

Lechler, M., Owens, J.D., Jenkyns, H.C., Lyons, T.W., Prosser, G., Parente, M., 2014.
Sulphur isotopes indicate increased pyrite burial at the onset of OAE 1a in the
Tethyan realm. Geophysical Research Abstracts, Vol. 16. EGU2014-11907, EGU
General Assembly.

Leckie, R.M., Bralower, T.J., Cashman, R., 2002. Oceanic anoxic events and plankton
evolution: biotic response to tectonic forcing during the mid-Cretaceous.
Paleoceanography 17, 13–29.

Lee, C., Brocks, J.J., 2011. Identification of carotane breakdown products in the
1.64 billion year old Barney Creek Formation McArthur Basin, northern
Australia. Organic Geochemistry 42, 425–430.
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