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Abstract: This study investigates the depositional environments and soft sediment de-
formation within the Early Jurassic Ammonitico Rosso Formation in the External Ionian
Basin (Western Greece), focusing on its biostratigraphy, sedimentology, and tectonic activity.
This research provides new insights into the depositional environment of the Ammonitico
Rosso Formation and its transitions with the underlying and overlying formations. Syn-rift
tectonics at the time of deposition formed half-grabens, which influenced sedimentary pro-
cesses and created conditions for seabed slumping. Detailed field mapping and microfacies
analysis revealed two distinct depositional environments: deep-water to open-shelf set-
tings and platform-margin reefs. The entire Ammonitico Rosso Formation is allochthonous,
deposited as repetitive slices of little-disturbed stratified sediments capped by debrites
near the toe of a complex submarine landslide. The presence of well-preserved fossils, such
as planktonic and benthic foraminifera, Radiolaria (both Spumellaria and Nassellaria), and
ammonites, allowed precise age determinations, suggesting that the first appearance of
Globuligerina might predate previous records, occurring first in the Pliensbachian rather
than the Toarcian. These findings contribute to the ongoing debate on the depth and
conditions of Ammonitico Rosso deposition, supporting the hypothesis of a relatively deep,
open-shelf environment influenced by slope instability.

Keywords: Ammonitico Rosso; slumps; Toarcian; planktonic foraminifera

1. Introduction
The “Ammonitico Rosso” (AR) is a formation (Fm) that developed during the Jurassic

period in pelagic environments, and more specifically in swell areas of epioceanic fringes
that were widespread in Mediterranean and Alpine regions [1,2]. The AR Fm is one of
the best-known lithofacies of the Tethys Ocean’s history due to its peculiar lithological
features [3]. The main features of the AR Fm are its lithology, characterized by predominant
red nodular bedded limestones, and the presence of abundant ammonite (cephalopod)
fauna [1]. Additionally, Jenkyns [1] estimated a sedimentation rate for the AR Fm of a few
millimetres every thousand years (0.003 mm/year). He also proposed eight main features
for the red nodular limestone: (a) the contact between nodules and the matrix is grada-
tional; (b) large microfossils (like juvenile ammonites) are able to cross the matrix–nodule
boundary; (c) the matrix exhibits a higher occurrence of skeletal calcite; (d) in certain facies,
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a dolomitized matrix is present; (e) microfossils made of silica are preserved only in the
nodules; (f) there are either no calcareous nannofossils or they are rare; (g) the nodules
seem to have been formed at a very early stage and (h) they do not seem to have been
widely deposited since the Upper Jurassic in such nodular limestones. The nodules are
magnesium-rich and calcite-rich, soft or hard, with their diameter being commonly of cen-
timetres in scale [1,4]. Thus, they feature a micritic matrix dotted with altered planktonic
foraminifera (globigerinids), whereas another characteristic is that the nodules are more
calcareous than their matrix. Therefore, nodules must have been formed at or near the
sediment–water interface.

The presence of submarine landsliding generally indicates that during sedimenta-
tion, the basin floor was inclined, but sliding can take place on extremely mild slopes of
2–3◦ [5,6], or in a few cases less than 1◦ [6–8]. Such mass-transport deposits (MTDs) can
extend over a range of tens of kilometres and in some cases indicate sites with hydrocarbon
prospectivity [6,9]. However, some are limited to a small scale and could influence the
migration of hydrocarbons [6,10]. Landslides that produce MTDs occur in loosely consoli-
dated soft sediments in both subaerial and submarine environments [6,8,11–14]. Internal
structures in MTDs are likely to indicate the prevailing orientation on the slope during its
creation ([12] and references therein). Synsedimentary deformation structures (synsedi-
mentary faults, folds, slide planes, dewatering structures, etc.) are widely distributed in the
syn-rift formations of the Ionian Basin of Greece [15,16]. The orientations of these structures
indicate that the depositional conditions were influenced by two main factors: the first is
related to the opening (extensional stress) of the Pindos Ocean to the east, and the second
is halokinesis (evaporites from the base of the Ionian Basin) [17].

2. Geological Setting
The External Hellenides, located along the borders of the Hellenic Arc, are character-

ized by continuous sedimentation during the Mesozoic, and they underwent tectonism
during the main Alpine orogeny [18]. The Ionian Unit consists part of the External Hel-
lenides. They extend (from north to south) to the Ionian Islands, Epirus, Western Sterea,
Northwestern Peloponnese, and the Dodecanese Islands (Karpathos and Rhodes) [18]. In
central-southern Peloponnese and Crete, the Ionian Basin is represented by its metamorphic
equivalent, the Plattenkalk series [19]. The Ionian Basin is bounded by NNW–SSE-directed
thrusts, the Gavrovo thrust to the east and the Ionian thrust to the west [15,20], which were
active during the Cenozoic Era. From east to west, the Ionian Basin can be subdivided into
three sub-basins, internal, middle, and external [20–22] (Figure 1).

During the Mesozoic Era, the Ionian Basin was part of the southeastern passive
margins of the Tethys Ocean [20,23,24]. From a palaeogeographical perspective, the Ionian
Basin during the latest part of the Early Jurassic was a deep-water basin, which was
formed due to the collapse of a pre-existing carbonate platform amid crustal extension,
termed as the syn-rift stage [23]. Until the Paleogene, carbonate rocks with argillaceous
and siliceous components were deposited, with no significant siliciclastic input [23], in the
developing Ionian Basin [17,22,25]. As a result of the rifting, the basin was subdivided into
smaller half-grabens [17,22,24], with a north–south orientation of the horsts and grabens.
WSW–ENE-directed strike-slip faults acted as transfer faults between different segments
of the horsts and grabens. The type and thickness of the sediments and their depositional
conditions vary both from east to west and from north to south [22,26–29].
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Figure 1. (A) Map of Greece, where the red box indicates the location of NW Greece. (B) Simplified 

geological map of the External Hellenides in NW Greece, modified from [22], where the red box 

indicates the study area. (C) Geological map of the study area. The locations of the collected rock 

Figure 1. (A) Map of Greece, where the red box indicates the location of NW Greece. (B) Simplified
geological map of the External Hellenides in NW Greece, modified from [22], where the red box
indicates the study area. (C) Geological map of the study area. The locations of the collected rock
samples are also marked. Codes with the letter C represent the locations of the stratigraphic columns
referred to in the text, while the orange dotted line indicates the position of the cross section in
Figure 3A.
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In previous studies [17,22,24], the stratigraphic sequences were separated into three
stages, the pre-rift, the syn-rift, and the post-rift stages. However, according to recent
studies [11,12,15,30,31], the Ionian Basin sequence should be separated into the pre-rift and
syn-rift stages. The base of the pre-rift sequence consists of Lower to Middle Triassic evap-
orites with a total thickness of over 2000 m and the Middle to Upper Triassic Foustapidima
Fm limestones (50–150 m thick, black sub-lithographic), overlain by the Lower Jurassic
Pantokrator Fm limestones (over 1000 m thick, white massive–thick-bedded) (Figure 2).

The Lower Jurassic–Eocene syn-rift sequence overlies the pre-rift sequence. From
the base to the top, the following formations are recognized: (a) Lower Jurassic Sinies Fm
limestones (beige pelagic) and the laterally equivalent Louros Fm limestones (hemipelagic,
white-light grey medium-bedded) (20–150 m thickness); (b) Lower–Middle Jurassic AR
Fm; (c) Middle Jurassic limestones with filaments Fm (bedded) and the laterally equiva-
lent Lower–Upper Jurassic Posidonia bed Fm (Lower and Upper members, yellow-green
shaly marly limestones with Posidonomya) ranging from a few metres to 200 m thick;
in the footwalls of the half-graben sequences, unconformities occur [22] below (d) the
Lower–Upper Cretaceous Vigla Fm limestones (beige, pelagic) and the rare Vigla shales
(200–600 m thick); (e) Upper Cretaceous Senonian limestone Fm (massive–thick-bedded,
neritic); (f) Palaeocene–Eocene limestones with micro-breccia, derived from the erosion
of the carbonate rocks of the Gavrovo and Apulian platforms. On top of this syn-rift
succession, Middle Eocene–upper Oligocene submarine fans developed in a foreland basin,
formed as a response to the compressional regime [13,22,32,33] (Figure 2).
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The aim of this study is to conduct a biostratigraphic and sedimentological determi-
nation of the AR Fm in the study area and unravel its internal structure, which includes
several horizons of synsedimentary deformation. Additionally, this study examines the
transitions from the underlying “Sinies” limestone Fm and the Lower Posidonia bed Fm to
the AR Fm, and from the AR Fm to the overlying limestones with filaments and “Vigla”
limestone Fms, throughout the Jurassic Period in Western Aitoloakarnania (Western Greece,
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External Ionian Zone). Finally, the geological mapping of the studied area was part of this
project, which provided a revision of the pre-existing geological map.

The study area is located in the region of Western Greece, in the regional district of
Aitoloakarnania, approximately 8 km northwest of Astakos town and 10 km southeast
of Mytikas village (Figure 1). In this area, Jurassic and Cretaceous formations of the
External Ionian Basin are exposed in coastal sections, road cuts, and sparsely vegetated
mountain slopes.

3. Materials and Methods
3.1. Material

In the field, detailed bed-by-bed logs were measured, and then the corresponding
lithostratigraphic columns were produced. Fieldwork also included measurements, de-
scriptions, and reconstruction of the studied stratigraphy, bearing in mind the local tectonic
activity. A total of 52 rock samples (20 labelled as AR, 29 as PA, and 3 as AS; the labels are
related to the formations and sampling locations, with AR for Ammonitico Rosso Fm, PA
for Paralia Astakos, and AS for Astakos) were collected from the study area. Thirty of the
most characteristic samples were thin-sectioned for microfacies analysis. Thin sections were
cut perpendicularly to the bedding. Microfacies analysis was performed using an Optika B-
293PLi Microscope (OPTICA Italy, Ponteranica, Italy). X-ray diffraction (XRD) analysis was
conducted to determine the lithotypes of the AR limestones, using five different samples
(AR.1, AR.6, AR.9, AR.12, and AR.15).

3.2. Methods

The strongly deformed horizons were recorded in detail, including their thickness,
deformation axis, their relation to the underlying and overlying horizons, and the bedding
planes’ dip and direction. Additionally, the characteristics and kinematics of the faults were
recorded and analyzed in relation to the depositional processes.

The most commonly used methodologies for carbonate classifications are Folk’s [35,36]
and Dunham’s [37] classifications. The determination and interpretation of carbonate facies
are related to lithology, texture, grain size, microfossil assemblages, sediment structures,
colour, and diagenetic textures [30,38]. The revised Wilson model [38,39] defines 26 stan-
dard microfacies (SMF) types that are associated with 10 standard facies zones (FZ). These
facies zones begin from the deep-water basin environment up to the inner platform or
to an environment with an intense meteoric influence [40]. Based on the methodologies
described above, the thin sections were analyzed to identify and define different microfacies
(MF) types, which were then correlated with the previously mentioned SMF types. In thin
sections where microfossils were present, a biofacies analysis was conducted, and where
possible, the age of the samples was determined. By integrating the results from both biofa-
cies and lithofacies analyses, field observations, and the existing literature, the synthetic
stratigraphic column of the study area was constructed. A correlation was also established
between the thicknesses of the formations (Pantokrator limestone Fm, Sinies limestone
Fm, Posidonia bed Fm, AR Fm, limestones with filaments Fm, and Vigla limestone Fm)
identified in this study and those reported in previous studies of the same formations at
other locations.

X-ray diffraction was used for the determination of mineral phases (Bruker D8 Ad-
vance, USA (Bruker Corporation, Billerica, MA, USA), with Ni-filtered CuKα radiation,
equipped with a LynxEye®detector and Autochanger system (Bruker Corporation, Bil-
lerica, MA, USA), including a rotating sample stage). For the evaluation of the obtained
diffractograms, DIFFRACplus EVA software was used (Bruker-AXS, Madison, WI, USA),
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based on the ICDD Powder Diffraction File (2006 version). The scanning area covered the
2θ interval 2–70◦, with a scanning angle step size of 0.015◦ and a time step of 0.1 s.

4. Results
4.1. Field Decriptions

The Jurassic to Cretaceous formations of the External Ionian sub-basin were studied,
focusing on the AR Fm, as it appears fully developed in the study area. Specifically, in
this area, the following formations are exposed (from the base to the top): Pantokrator
limestones, Sinies limestones, Lower Posidonia beds, AR, limestones with filaments, and
Vigla limestones (Figure 3). The base of the succession consists of massive- to thick-bedded
white limestones (Pantokrator Fm). These are overlain by thin- to medium-bedded siliceous
limestones (Sinies Fm) which locally contain ichnofossils, stylolites, and occasional chert
nodules. Conformably, on the latter, alternations of laminated green-brown pelites with
laminated marly limestones were recognized (possible Posidonia beds). Above them,
alternations of red pelites and calcilutites with grey and red nodular limestones were
observed (AR Fm). In the red pelites, grey nodular limestones, and red nodular limestones,
ammonites and ichnofossils were observed. The upper stratigraphic part of this formation
consists of pink-beige limestones (limestones with filaments Fm). These strata are laminated
to medium-bedded. In the upper part of the studied section, thin- to thick-bedded beige
siliceous limestones with chert nodules and chert bands (Vigla limestone Fm) are present.
Notably, within this upper formation, brown shales containing very small polymetallic
nodules were recorded.
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Figure 3. (A) Geological section of the studied area, and (B) close-up view of the second section,
providing details of the slumped AR Fm. The yellow dotted line represents the transition from the
Posidonia bed Fm to the basal shear zone of the AR Fm.

The bedding planes show a predominantly northwest direction, while their dip angles
vary from 20◦ to 68◦. Additionally, reverse and normal faults were observed, both dipping
southeastwards but with different angles (330◦/68◦, 236◦/48◦) (Figure 1).

4.2. Facies Analysis and Zones

Of a total of 30 studied thin sections, two different depositional environments (toe of slope
and platform-margin reefs) were recognized, corresponding to two different standard microfa-
cies types (with two sub-types). Each MF corresponds to a different SMF type. Specifically, MF
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1 is classified as biosparite/boundstone, while MF 2 includes micrites, fossiliferous micrites,
and both sparse and packed biomicrites/wackestones and packstones (Table 1).

Table 1. Summarized table of determined microfacies types with their main lithological features.

MF SMF Type FZ Description Samples

1 7 5 Unsorted biosparite/boundstone PA.2

2

3 3 Sparse and fossiliferous micrite,
micrite/wackestone–mudstone

PA.5, PA.8, PA.11, PA.17, PA.21, PA.24,
PA.29, AR.1, AR.2, AR.3, AR.5, AR.6, AR.7,
AR.10, AR.14, AR.16, AR.18, AR.20

3-RAD 3 Packed biomicrite/wackestone–packstone AS.8

3-CALP 3 Packed biomicrite/wackestone AS.12

3-FIL 3 Sparse to packed biomicrite/
wackestone–packstone

AS.11, AR.8, AR.9, AR.11, AR.12, AR.13,
AR. 15, AR.17, AR.19

4.2.1. MF 1

Thin section PA.2 was classified as unsorted biosparite, according to Folk’s classifi-
cation, and as boundstone, according to Dunham’s classification (Figure 4A). The pres-
ence of micro-fractures, filled mainly with calcite and to a lesser extent with bitumens,
was observed. The porosity is fenestral, and geopetal structures and ooids were noted.
Thaumatoporella J. Pia, 1927 was found. This microfacies can be characterized as SMF
type 7. Thus, this type shows that the deposition took place in platform-margin reefs (FZ 5,
according to Wilson’s model).
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(C) sample AR.14 (SMF 3), depicting a packed biomicrite/packstone; (D) sample AR.12 (SMF 3-
FIL), indicating a packed biomicrite/packstone with filaments; (E) sample AS.12 (SMF 3-CALP),
representing a packed biomicrite/wackestone with calpionellids; (F) sample AS.8 (SMF 3-RAD),
depicting a packed biomicrite/wackestone–packstone with Radiolaria.

4.2.2. MF 2

This microfacies includes micrites, fossiliferous micrites, and both sparse and packed
biomicrites, based on Folk’s classification, and wackestones and packstones, according
to Dunham’s classification. So, the majority of the studied samples were determined as
SMF type 3, and more specifically the sub-types SMF-3FIL, SMF-3CALP, and SMF-3RAD
(because they contain many bivalves, calpionellids, and Radiolaria, respectively).

Samples PA.5, PA.8, PA.11, PA.17, PA.21, PA.24, PA.29 (Figure 4B), AR.1, AR.2, AR.3,
AR.5, AR.6, AR.7, AR.10, AR.14 (Figure 4C), AR.16, AR.18, and AR.20 were classified as
sparse biomicrites, fossiliferous micrites, and micrites based on Folk’s classification, while
based on Dunham’s classification, they can be described as wackestones and mudstones.
Stylolites with low-amplitude peaks were observed mainly parallel to the bedding. In all of
the studied thin sections, micro-fractures filled with calcite were present. Bitumen traces
with low to very low contents and a few metallic oxides were found. The bitumens some-
times fill the secondary microporosity, while both bitumens and oxides are occasionally
present in stylolites and micro-fractures. Several samples have undergone intense recrys-
tallization. This microfacies can thus be characterized as the SMF-3 type and represents
deposition that took place at the toe of a slope (FZ 3, according to Wilson’s model).

Sample AS.8 was classified as packed biomicrite (Folk’s classification) and as wacke-
stone to packstone (Dunham’s classification). The bitumen content is low to medium,
filling the microporosity and also occurring in stylolites. Radiolaria (both Spumellaria and
Nassellaria), planktonic foraminifera of the genus Globigerinelloides Cushman & Ten Dam,
1948, sponge spicules, and bioclasts were identified. The presence of a sparse number
of Radiolaria led to a classification of the SMF 3-RAD microfacies type, which was also
deposited at the toe of a slope (FZ 3, according to Wilson’s model).

The thin section of AS.12 was classified as packed biomicrite (Folk’s classification)
and as wackestone (Dunham’s classification). Low bitumen content was observed filling
the secondary porosity, along with calcite-filled fractures. Stylolites with peaks of low
amplitude with metallic oxides on their edges were observed; however, these oxides
were also found to be scattered. The fossils present are ammonite aptychi, calpionellids,
Radiolaria, and bioclasts. The presence of calpionellids is indicative of the SMF 3-CALP
type, which characterizes a deep-sea environment (FZ 3, based on Wilson’s model).

Samples S.11, AR.8, AR.9, AR.11, AR.12 (Figure 4D), AR.13, AR. 15, AR.17, and AR.19
were classified as sparse to packed biomicrites (Folk’s classification) and as wackestones–
packstones (Dunham’s classification). Stylolites with low-amplitude peaks were observed
mainly parallel to the bedding and rarely perpendicular to this. Fractures filled with calcite
were found. Also, scattered bitumens with low to very low contents were traced, sometimes
filling the secondary porosity, sometimes in micro-fractures, and sometimes in the stylolite
voids. Metallic oxides were mainly found scattered and occasionally found in micro-
fractures and stylolites. The fossils in these samples included mainly filaments (densely
packed), ammonites (and aptychi), Radiolaria, and ostracods. In many samples, planktonic
and benthic foraminifera, corals, gastropods, and several bioclasts were observed. The
extensive presence of filaments, as described above and seen in Figure 4D, indicates the
SMF 3-FIL type, suggesting that deposition also took place at the toe of a slope (FZ 3,
according to Wilson’s model).
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4.3. Lithostratigraphy and Biostratigraphy of the Study Area

For each part of the study area bounded by a tectonic discontinuity, an individual
lithostratigraphic column of each sequence was constructed, showing the locations of the
samples and the resulting lithofacies interpretation and key microfossils. Four samples are
not related to a specific column, and for one of them, there is a schematic drawing of the
respective section.

Sequence 1 consists of massive white limestones, where sample PA.2 was collected
from. According to the biofacies analysis, bivalve filaments and Thaumatoporella sp. J. Pia,
1927 were found. These taxa indicate a shallow marine/shallow-shelf environment of
deposition. Hitherto, this biofacies is indicative of the Pantokrator limestone Fm (Figure 5).
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Figure 5. (A) Stratigraphic column of sequence 1 (C.1) with the occurrences of fossil taxa that have
been found. See Figure 1 for the position of the column of this sequence. (B) Representative photo of
the outcrop section of C.1.

Sequence 2 (Figure 6), from the base to the top, consists of medium–thick-bedded
beige limestones, thick-bedded beige limestones with chert nodules (trace fossils were
found as well), thin–medium-bedded beige limestones with chert nodules, thick-bedded
beige limestones with sparse chert nodules, and medium-bedded beige limestones. Rock
samples PA.5 and PA.8 were collected from this sequence. In thin section PA.5, benthic
foraminifera and ammonites were found, while in PA.8, Radiolaria and gastropods were
found. The above-described lithologies are characteristics of the Sinies limestone Fm.

Sequences 3 and 4 consist of marly limestones containing Radiolaria and ammonites.
They are characterized by thin-bedded pelagic limestones, with Posidonia beds as the
overlying Fm and the Pantokrator Fm as the underlying Fm. Therefore, their stratigraphic
position indicates that they possibly belong to the Sinies limestone Fm (Figure 7). Sample
PA.11 was collected from sequence 3.
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(B) Representative photo of the outcrop section of C.2.
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Figure 7. The section where sequences 3 (sample PA.10) and 4 (sample PA.11) are outcropping
(A), and the corresponding schematic drawing which provides a better visualization of the tectonic
discontinuities that interrupt the two sequences (B), where samples PA.10 and PA.11 were collected
from. See Figure 1 for the respective position of this outcrop on the map.
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From the base to the top, the following lithologies are present in sequence 5 (Figure 8),
where samples PA.17 and PA.21 were collected from: medium-bedded marly limestones
with chert nodules, thin–medium-bedded limestones with chert nodules, limestones with
micro-breccia and clasts, medium-bedded marly limestones with chert nodules (with
trace fossils), thin–medium-bedded siliceous limestones, and thin–thick-bedded lime-
stones with chert bands and trace fossils. In sample PA.17, the planktonic foraminifera
Globuligerina cf. glinskikhae Gradstein & Waskowska 2021 (Figure 9A) and Globuligerina
sp. Bignot & Guyader 1971 and Radiolaria were found. In sample PA.21, the planktonic
foraminifera Globuligerina sp. Bignot & Guyader 1971 (Figure 9B) and benthic foraminifera
were found. Based on a recent study of planktonic foraminifera [41], the first occurrence
of some Globuligerina Bignot & Guyader 1971 species is the Toarcian. However, as these
samples belong to the upper part of Sinies limestone Fm, based on their lithological fea-
tures (bedded neritic limestones) and their relationship to the overlying formations (the
overlying Fm is Posidonia beds) (Figure 1), they appear to have been deposited during the
Late Pliensbachian. If verified, this claim would shift the first appearance of planktonic
foraminifera from the Toarcian to the Pliensbachian.
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Figure 8. (A) Stratigraphic column of sequence 5 (C.5) with the occurrences (black dots) of each
microfossil taxon that has been found. See Figure 1 for the position of the column of this sequence.
(B) Representative photo of the outcrop section of C.5.
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Figure 9. Representative microphotographs of planktonic foraminifera (A) Globuligerina cf. glinskikhae
Gradstein & Waskowska 2021 (sample PA.17), (B) Globuligerina sp. Bignot & Guyader 1971 (sample
PA.21), (C) Globuligerina sp. Bignot & Guyader 1971 (sample PA.24), (D) Globuligerina glinskikhae
Gradstein & Waskowska 2021 (PA.24), (E) Globuligerina cf. glinskikhae Gradstein & Waskowska 2021
(sample AR.5), (F) Globuligerina oxfordiana (Grigelis, 1958) (sample AR.15), (G) Globuligerina oxfordiana
Grigelis, 1958 (sample AR.11), (H) Globuligerina cf. oxfordiana (Grigelis, 1958) (sample AR.11),
(I) Globuligerina oxfordiana Grigelis, 1958 (sample AR.18), and (J) Globigerinelloides blowi Bolli, 1959,
red arrow (sample AS.8).
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From the base to the top, sequence 6 (Figure 10) consists of thin–medium-bedded
limestones with chert nodules and bands, marly limestones, blue pelites with carbonate
nodules, beige calcitic marls, marly limestones, pelites, marly limestones (with trace fos-
sils), blue pelites with carbonate nodules, marly limestones, beige pelites, alternations of
marly limestones and blue pelites with carbonate nodules, beige calcitic marls, and brown-
yellow pelites. Samples PA. 24 and PA.29 were collected from this sequence. Globuligerina
sp. Bignot & Guyader 1971 and Globuligerina glinskikhae Gradstein & Waskowska 2021
(Figure 9C and D, respectively), as well as Radiolaria, were found in sample PA.24. Based
on a recent study on planktonic foraminifera [41], the first occurrence of some Globuligerina
Bignot & Guyader 1971 species is the Toarcian. Nevertheless, based on their lithological
features and relationship to the overlying formation, the AR Fm (Figure 1), these samples
belong to the upper part of the Sinies limestone Fm. Thus, these samples were deposited
during the Upper Pliensbachian. The second sample (PA.29) contained the following fossil
taxa: benthic foraminifera, Radiolaria, and bivalve filaments. None of these taxa are suitable
for possible age determinations.
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Figure 10. (A) Stratigraphic column of sequence 6 (C.6) with the stratigraphic occurrences (black
dots) of each fossil taxon that has been found. See Figure 1 for the position of the column of this
sequence. (B) Representative photo of the outcrop section of C.6.

In a separate study by Golfinopoulos et al. [42] on the benthic microfauna found
in the pelites of the upper part of sequence 6, benthic foraminifera and ostracod species
assemblages were recorded in samples PA.26 and PA.27, suggesting that they accumulated
in an outer-shelf marine environment, characterized by normal salinity, low energy levels
in soft sediments, sufficient nutrients, and high levels of dissolved oxygen.

Two samples from the Vigla limestone Fm were examined, one outcropping on the
coast and the second one close to a highway (Figure 1). Sample AS.11 is a red siliceous
limestone, and Radiolaria, bivalve filaments, gastropods, and ammonites were found, while
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sample AS.12 is a beige siliceous limestone, and the calpionellids Calpionella alpina Lorenz,
1902 and Calpionella grandalpina Nagy, 1986 (Figure 4E), Radiolaria, and ammonites were
found. Thus, based on the calpionellid biozonation from [43], the age of the second sample
is the late Tithonian.

Sequence 7, from the base to the top (Figures 11 and 12), consists of beige marly
limestones with metallic oxides; alternations of yellow-green pelites (occasionally with
carbonate nodules), green pelites (occasionally with carbonate nodules and pebbles), beige
limestones, and grey marly limestones; and alternations of red limestones, red calcilutites
(occasionally nodular), red nodular–brecciated limestones, red pelites, and pink-beige
and grey-red limestones. At the top of this sequence, grey calcilutites are developed, to-
gether with grey pelites and grey (nodular or marly at times) limestones. Interestingly,
synsedimentary deformation structures were observed in this succession, and their features
will be analyzed below (see Section 4.4). A micropalaeontological study of the clastic
sediments has already been conducted [42] (samples AR.4, AR.6A, AR.7A, AR.7B, AR.9A,
and AR.10A). Microfacies analysis of the respective limestones is reported in Section 4.2
and Table 1 (samples AR.1–3 and AR.5–15). For the age determination of Jurassic se-
quences, it is important to recover planktonic foraminifera. In three of the samples (AR.5,
AR.11, AR.15), planktonic foraminifera were found. In sample AR.5, the presence of
Globuligerina cf. glinskikhae Gradstein & Waskowska 2021 (Figure 9E) indicates an age up to
the Bathonian [41]. In samples AR.11 and AR.15, the presence of Globuligerina oxfordiana
Grigelis, 1958 (Figure 9G, H, and F, respectively) suggests a Bajocian to early Tithonian
age [41]. In the thin sections of this sequence, planktonic foraminifera (Globuligerina species
Bignot & Guyader 1971), benthic foraminifera (Lagenidae, Nodosariidae, Archaediscidae,
Lenticulina Lamarck, 1804, and other taxa which were not determined), crinoids, Radiolaria
(both Spumellaria and Nassellaria), bivalve filaments, ostracods, and ammonites were
recorded. During field work and logging, trace fossils were found in grey-red limestones,
and ammonites were present in red pelites, red limestones, and grey nodular limestones.
In grey nodular limestones and beige marly limestones, metallic oxides were also found.

Sample AR.4 consists of clastic sediments, and a micropalaeontological study revealed
benthic foraminifera, ostracod moulds, echinoderm spines and spine bases, and one fish
tooth. Identification of the ostracod moulds was not possible due to their preservation
condition. The most abundant benthic foraminifera taxa of the assemblage are Eoguttulina
Cushman & Ozawa, 1930 and Prodentalina Norling, 1968. Species of the genera Lenticulina
Lamarck, 1804, Lagena Walker and Boys, 1798, Nodosaria Lamarck, 1816, and Lagenamina
Rhumbler, 1911 are also present. Also, possibly broken Bositra Gregorio, 1886 shells were
found. Thus, based on the living conditions of the identified benthic foraminifera in this
sample, these assemblages show that they had developed in the deepest part of the outer
shelf where turbidites or slumps could develop. Taxa that inhabited inner- to middle-
shelf environments seem to have been transported to the outer shelf. The salinity was
normal, and the waters were well oxygenated with high levels of nutrient supply [43] and
references therein. Samples AR.6A, AR.7A, and AR.7B represent assemblages similar to
sample AR.4 [42]. Sample AR.6A consists of benthic foraminifera, a few sea urchin spines,
and broken bivalves. The dominant genus is Prodentalina Norling, 1968, while Lenticulina
Lamarck, 1804, and Vaginulina are present in very small numbers of individuals. Sample
AR.7A includes benthic foraminifera, ostracod moulds, and echinoid spines, as well as
broken bivalves and fish teeth. The dominant genera are Prodentalina Norling, 1968 and
Lenticulina Lamarck, 1804, while small numbers of individuals of Vaginulina d’Orbigny, 1826
and Nodosaria Lamarck, 1816 were found. Sample AR.7B consists of benthic foraminifera,
ostracod moulds, and broken bivalves. Only Prodentalina Norling, 1968 species were found.
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These samples indicate transport from a shallower to a deeper depositional environment.
Samples AR.9A and AR.10A were barren.
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Figure 11. (A) Stratigraphic column of sequence 7 (C.7) with stratigraphic occurrences (black dots) of
each fossil taxon that has been found. See Figure 1 for the position of the column of this sequence.
(B) Representative photo of the outcrop section of C.7.
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Figure 12. For a more detailed description, the stratigraphic column of sequence 7 is presented in
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Sequence 8 (Figure 13) represents a layer succession from a coastal section belonging
to the Vigla limestone Fm. From the base to the top, the sequence consists of beige marly
limestones, cherts, beige brecciated limestones, brown shales, bedded beige limestones,
beige brecciated limestones, brown shales, beige siliceous limestones, bedded beige lime-
stones, cherts, and beige siliceous limestones. Samples AR.16–20 were collected from
this sequence. Index fossils were found only in one sample (AR.18). These fossils are
Globuligerina oxfordiana Grigelis, 1958 (Figure 9I) and Calpionella alpina Lorenz, 1902, indicat-
ing deposition during the Tithonian and confirming the identification of these limestones
as belonging to the Vigla Fm. In the five studied samples of this sequence, in addition
to the above-mentioned taxa, the following fossil taxa were found: benthic foraminifera
(Bolivina d’Orbigny, 1839, Lituonella Schlumberger, 1905, and Nodosariidae), Radiolaria
(both Spumellaria and Nassellaria), bivalve filaments, ammonites, corals, and algae
(Figure 13).

Sample AS.8 stratigraphically overlies AR.20; nevertheless, it is not included in
the column of sequence 8, as it is located more than 20 m above the top of sequence
8. Globigerinelloides blowi Bolli, 1959 (Figure 9J) tests were found, indicating a Barremian to
Aptian age [44]. This is a sequence of beige thin-bedded pelagic limestones, and thus these
rocks are also considered part of the Vigla limestone Fm.
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Figure 13. (A) Stratigraphic column of sequence 8 (C.8) with the stratigraphic occurrences (black
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(B) Representative photo of the outcrop section of C.8.

4.4. Correlations of Lithostratigraphic Columns

According to the above biostratigraphic and lithological data, the correlations of the
studied columns with the synthetic lithostratigraphic column of the Ionian Zone are shown
in Figure 14. More specifically, column 1 constitutes the upper part of the Pantokrator
Fm limestones, column 2 the lower part of the Sinies Fm limestones, and column 5 the
intermediate part of the Sinies Fm limestones. Column 6 constitutes the upper part of
the Sinies Fm limestones, as well as the Lower Posidonia bed Fm. Column 7 begins with
the uppermost part of the Sinies Fm limestones; stratigraphically higher are the Lower
Posidonia Fm beds, where they overlay with the AR Fm, and at the top is the limestones
with filaments Fm. Finally, column 8 consists of the upper part of the limestones with
filaments Fm and the lower part of the Vigla Fm limestones.
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the synthetic stratigraphic column of the Ionian Basin. Lithology symbols can be seen above in the
legends of the respective columns (Figures 2, 5, 6, 8, 10, 11 and 13).

4.5. Synsedimentary Deformation Structures Within the AR Fm

The lowest exposed part of the section consists of ~10 m of bedded limestone and
calcareous shale, with variable dips, lateral thinning of units and local folding of limestone
beds (1 in Figure 15a), and breakup of limestone beds into a shale matrix (2 in Figure 15a).
The succession has an overall greenish-grey colour, quite distinct from the overlying red
and white AR Fm. The base of the unit is not exposed, whereas at beach level, the top is
marked by a few centimetres of greenish deformed fissile shale, conformably overlain by
AR-type limestone (Figures 15b and 16c). Along the strike, in the cliff face, the contact
appears rather irregular. As the internal details of this unit are not well exposed, it is simply
termed the Lower Unit. It is probably either a complex slide or a debris-flow deposit with
rafted blocks of bedded limestone, but we cannot exclude the possibility that the unit is in
situ and suffered some internal deformation from the overlying slide.



Geosciences 2025, 15, 10 19 of 32Geosciences 2025, 15, x FOR PEER REVIEW 19 of 33 
 

 

 

Figure 15. Stratigraphic column of the deformed interval in the AR Fm. (a–j) Field photographs 

illustrating detail in parts of the stratigraphic column. For further explanation, see text. Images are 

rotated and resized, so that layers interpreted as originally horizontal within the slide are horizontal 

and at approximately the same scale. Numbers in photos (i) and (j) refer to units discussed in text 

and further illustrated in Figure 17. (k) Drone image of the entire section. 

The base of the AR Fm shows considerable synsedimentary deformation. The lowest 

shale unit has a recumbent fold closure (Figure 16c). It is overlain by discontinuous 

Figure 15. Stratigraphic column of the deformed interval in the AR Fm. (a–j) Field photographs
illustrating detail in parts of the stratigraphic column. For further explanation, see text. Images are
rotated and resized, so that layers interpreted as originally horizontal within the slide are horizontal
and at approximately the same scale. Numbers in photos (i) and (j) refer to units discussed in text
and further illustrated in Figure 17. (k) Drone image of the entire section.
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Figure 16. Field photographs of the base of the main slide interval below debrite 1. (a) Detail of
Figure 15c showing deformation of limestone and shales. (b) Detail of Figure 15b showing large
limestone boudins and overlying series of oblique, bedding-parallel slabs of alternating limestone
and shale. (c) Detail of Figure 15b showing large limestone boudins and an underlying recumbent
fold in shale above the contact with the Lower Unit.

The base of the AR Fm shows considerable synsedimentary deformation. The lowest
shale unit has a recumbent fold closure (Figure 16c). It is overlain by discontinuous
decimetre-scale boudins of micritic limestone enclosed in rubbly AR limestones and shale,
with a ghost stratigraphy about 1 m thick (Figure 16b,c). This is overlain by 30 cm of
apparently undeformed reddish marl and several metres of alternating nodular limestones
and reddish shales with discontinuities between packets of limestone beds, thus creating a
series of oblique, bedding-parallel slabs of alternating limestone and shale (Figure 15b). In
places, limestone beds terminate or are boudinaged, and shales are deformed (Figure 15a).
The proportion of limestone increases upward. This limestone is overlain by a 2 m thick,
polymictic limestone, matrix-supported conglomerate interpreted as a debris-flow deposit,
termed debrite 1 (Figure 15d–f).

Debrite 1 is overlain by about 1 m of reddish shales with discontinuous thin limestone
beds, showing considerable fissility and deformation. Blocks of limestone show slicken-
sides, suggesting sub-horizontal bedding plane slip on a later tectonic fault. Overlying
bedded limestones show brittle deformation into metre-scale tilted blocks (Figure 15f),
apparently as part of the slide mass, but with no evidence for the type of ductile boudins
seen at the bottom of the AR section. Interbedded with the AR limestones is at least one
graded calcirudite to calcarenite turbidite. The calcirudite is well sorted with rounded clasts
up to 8 mm in size. Debrite 2 overlies the tilted blocks and is about 1 m thick (Figure 15f). It



Geosciences 2025, 15, 10 21 of 32

is redder in colour than debrites 1 and 3 and is also matrix-supported. The upper surface of
debrite 2 is folded into an open fold along with the immediately overlying 2 m of bedded
limestone (Figure 15f). The degree of folding of the limestone beds decreases upwards,
and the base of debrite 3 is irregular (Figure 15g). Debrite 3 is poorly sorted, with large
subangular blocks, supported by a matrix of sand-sized limestone clasts and red mud
(Figure 15f–h).
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Figure 17. Field photographs of the setting of the conglomerate at the top of the main slide interval.
Four units are recognized, separated by blue dashed lines: (1) Folded limestones in the main slide.
(2) Overlying limestones and interbedded shale with lateral variability, suggesting that they are
part of the main slide. (3) Conglomerate with an erosional base. (4) Overlying bedded calcarenites.
(a) shows the relationship of the base of the conglomerate and unit (2) to the underlying folded
limestone. (b) shows lateral pinchouts in unit (2) and the erosional base of the conglomerate.
(c) shows the internal character of the conglomerate and its erosional base. (d) shows the entire
thickness of the conglomerate, with the finer-grained top and the erosional base of the overlying
calcarenite turbidites.

The top of debrite 3 is sharp and overlain by 30 cm of seemingly undeformed red
shale and then an AR limestone section (Figure 15h) that in its upper part is deformed into
a large open fold (1 in Figures 15i and 17a). The fold is unconformably overlain by about 1
m of bedded limestones with rapid lateral thinning (2 in Figures 15i and 17a–c), suggesting
that it is also a block within the overall slide. These bedded limestones are overlain by a
1 m bed of sorted conglomerate (3 in Figures 15i,j and 17) with an erosional contact with
the underlying limestones (Figure 17b,c). The conglomerate consists of rounded limestone
pebbles (Figure 17c), with the upper part of the bed comprising fine pebbles and granules
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(Figure 17d). Above this conglomerate is a succession of bedded red-grey calcarenites (4 in
Figures 15i,j and 17).

Few clear directional structures are available. The torpedo-shaped boudins at the base
of the slide (Figure 15b) are oriented approximately 205◦. The fold near the top of the slide
has an axis striking 130◦ and is asymmetric to the south (Figure 15i). Slickensides in blocks
above debrite 2, which are probably a later tectonic fabric, plunge to ~300◦. Taken together,
these data suggest that slide movement was to the SW or SSW.

4.6. XRD Analysis

The XRD diffractograms of the studied limestone (from the AR Fm) samples revealed
characteristic calcite peaks, as identified by their distinctive reflections. Additionally, the
samples showed an additional peak that indicated the presence of quartz. Interestingly,
in sample AR.6, one more peak was found that corresponds to the presence of glauconite.
Among the five studied samples, there were no significant differences in the diffractogram
peaks (Figure 18).
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5. Discussion
5.1. Depositional Environment of the Ammonitico Rosso Formation

The theories regarding the depositional environment of the AR Fm are still a subject
of controversy today. Bernoulli et al. [25] considered the AR to have been formed in a
littoral to shallow depositional environment, whereas other studies propose that the AR
was deposited in the deeper parts of half-grabens ([24,45–47]). According to [2], the depth
range of the AR Fm can be considered similar to the deeper parts of the epicontinental
shelves. Microfacies analysis of Toarcian red nodular limestones (possibly the equivalent of
the AR Fm) in Montenegro suggests that they were deposited in a low-energy, relatively
deep-water environment (open-shelf environment) [48]. This study seems to agree with our
findings on the AR Fm in Astakos. Both microfacies analysis (SMF-3 types corresponding
to FZ 3, indicative of deposition in a deep-sea environment) and micropalaeontological
analysis (identifying microfossils that lived in an open-shelf environment) [42] of the
AR deposits in Astakos indicate that the deposition took place in a deep-water–open-
shelf environment.

5.2. Interpretation of the Submarine Slide

The 20 m thick submarine slide deposits (Figure 15) include variably deformed blocks
of AR Fm limestones and shales interbedded with matrix-supported conglomerates in-
terpreted as debris-flow deposits. The basal 6 m shows predominant bedding-parallel
deformation, including large torpedo-shaped boudins of micritic limestone (Figure 15).
The upper part of the deposits above debrite 2 shows less evidence of strong vertical
confining stress, with more open folds that deform both the bedded limestone and debrite
3 (Figure 15f,i). Many submarine slides consist of a thin debrite above the deformed blocks
(e.g., [49]). The slide deposit is interpreted to comprise four imbricate slices, each some
5 m thick, which formed as toe thrusts in a single complex slide (Figure 19). All but the
top slice are capped by a debrite. The alternative hypothesis that there were four discrete
slides is rejected for several reasons: (1) It does not account for the restriction of strong
bedding-parallel deformation, including boudinage, to the base of the lowest slice. (2) It
does not account for the late folding of debrite 2 with its encasing limestones. (3) There is a
lack of evidence of hard grounds or other seabed hiatuses to be expected at the irregular
top of a submarine slide.
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Figure 19. Model, not to scale, describing the mechanism of the formation of the AR slide.

The sorting and upward-fining grain size of the conglomerate that overlies the slide
complex suggest that it is a single turbidite. Retrogressive failure of surficial material
during the main slide event or by reactivation of the headwall following the slide can
create a turbidity current [50], which, in the case here, would have largely bypassed the
slide deposit. The limestone clasts resemble the nodular concretionary facies of the AR
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and may have been reworked from the debrites or partially lithified AR limestones at the
seabed. The erosional margin of the conglomerate (Figure 17b,c) demonstrates the erosional
capacity of the turbidity current.

The beds that conformably overlie the conglomerate are grey calcarenites, at least in
part turbidites, and lithologically distinct from the reddish nodular AR facies within the
slide. They are assigned to the limestone with filaments Fm. The greenish-grey Lower
Unit is correlated with the Lower Posidonia Fm. Thus, the AR Fm is present only as
allochthonous blocks and debrites, deposited in deeper water than where the AR Fm was
actually accumulated. The allochthonous nature of the AR Fm is recognized only because
of the excellent outcrops in the high coastal cliffs. In the nearby intermittent road section, at
PA.26 (Figure 1), the outcrop is too discontinuous to demonstrate an allochthonous origin.

A comparison can be made with other submarine landslide deposits in the literature.
The most well known outcrops of slides are in sandstones and shales. These present similar
larger-scale structures to the AR Fm slide, such as imbricate blocks of bedded sediment
and repetitive stratigraphy in thrusts near the toe of the slide [8,51,52]. Flat-lying folds [53]
and boudinages [54] are developed in shear zones, somewhat similar to the base of the AR
slide (Figure 16b,c). In the classification of Sobiesiak et al. [55], the AR slide has a strong
basal drag with shear deformation concentrated in the basal few metres of the slide. At a
larger scale, such slides show basal erosion by dragging tools into the substrate [55]; in the
case of our study, the lower contact high in the cliff appears irregular, but the details cannot
be resolved. It is possible that some deformation is propagated deeper into the substrate
(as in the discontinuous no-slip basal deformation of [55]), but exposure in the Lower Unit
is insufficient to demonstrate this. Microfossils in the Lower Unit are similar to those in the
AR, suggesting that the Lower Unit is also allochthonous.

Many of the distinctive small-scale features of sandstone–shale slides are absent in
our carbonate slide. Strain is not concentrated in the finer-grained marls in the same way
as it affects shales. Our boudins in micrite show much greater internal strain than typical
sandstone boudins in which the original stratification is commonly preserved [55]. Slides
developed in limestone successions are reported to consist principally of variably deformed
slabs of bedded limestone [56] and commonly thick debrite horizons [57–59], as in our
AR example. These differences between siliciclastic and carbonate submarine landslides
largely result from the early partial lithification of limestones near the seafloor and the
resulting decrease in porosity. Such lithification is represented in the AR Fm by the nodular
limestones that are the source of clasts in the overlying turbidite conglomerate.

Cenozoic deformation and the lack of Lower Jurassic outcrops make it difficult to
assess the palaeogeographic setting of the studied AR Fm. The half-graben basins of the
Ionian Basin may well have been on a scale similar to the Southern California Borderland,
with basin floors at 700–1500 m water depth. Smaller submarine landslides there have
runout distances of 5–10 km and are interpreted to have been triggered by earthquakes [60].
Quaternary glacio-eustatic sea level changes and high clastic input mean that the Border-
land is not an analogue for sedimentation processes on the outer parts of the continental
shelves. Rather, well-studied peri-Tethyan Lower Jurassic carbonate ramps e.g., [61] are
better morphological analogues for the depositional setting of the autochthonous AR Fm.
A transport distance of 10 km would be sufficient for a turbidity current to develop from a
watery debris flow formed by headwall collapse [50].
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5.3. Mass-Transport Events in the AR Fm During the Early Jurassic

Many researchers have reported the presence of mass-transport deposits (“slumps” in
the older literature) within the AR Fm during the Pliensbachian–Toarcian, although most
were not analyzed in detail. Bernoulli and Renz [25] described intercalations of slump
conglomerates and calc-turbidites composed of redeposited carbonates from a platform
(broken shells, ooids, oncoids) and intraclasts of neritic limestones. They considered that
these turbidites were formed due to the presence of slopes along the margins of a carbonate
platform, implying that the basin deposits were deposited in relatively deep waters (at
least several hundred metres or more). Also, Karakitsios [17] referred to the existence of
slumps within the syn-rift succession of the Ionian Basin, but without proceeding to any
further analysis. The author of [62] studied the Jurassic redeposited pelagic sediments in
the Central Mediterranean area (Western Greece, Marche-Umbria, and Lombardian Alps
(Central and Northern Italy, respectively)) and pointed out that in the Toarcian, the AR Fm
of Western Greece consisted of intercalations of graded conglomerates, where the pebbles
derived from limestones of the Sinies Fm. The pebbles in our study area originated from
the AR Fm. Debris flows within Toarcian black shales (just below the limestones with
filaments Fm), as well as turbidites, breccias, and olistostromes within the AR Fm, have
also been found close to Igoumenitsa (Northwestern Greece) [63]. All these observations
suggest that, regionally, the most active syn-rift subsidence took place in the Toarcian. In
other rift basins, this phase is marked by maximum steepening of the basin margins and
the greatest evidence for in situ synsedimentary deformation and landsliding, generally
10–15 Ma after the onset of rifting [64,65]. In the Ionian Basin, rifting is dated from the base
of the Pliensbachian [24], with rapid Toarcian subsidence 10–15 Ma later.

5.4. Lower Posidonia Bed and AR Fms

Based on [66], there are two coeval facies that developed within the Ionian Basin
during the Toarcian: (i) organic-rich black shales (Lower Posidonia beds) that were de-
posited in basins, and (ii) pelagic red nodular limestones (AR Fm) that were deposited on
palaeotopographic highs or seamounts. These two facies, however, can occur within the
same outcrop, such as in Kouklessi (Western Greece), as noted by [25], and also in our study
area (Figure 15). However, in our study area, the Lower Posidonia Fm beds are not black in
colour, and they are also not organic-rich. Also, according to [29], the sedimentation rate
of the AR Fm in the study area is 0.0083 mm/yr for the lower part, and a little higher for
the upper part (0.0085 mm/yr). These rates are almost three times higher than the average
rate of sedimentation reported by [1] for the AR Fm. Therefore, the previously reported
rate [29] probably did not take into account the duplication of sections in the complex slide
(Figure 19).

Moreover, after the geological mapping and microfacies analysis of the study area,
the pre-existing geological map was corrected (Figure 20). The Sinies Fm limestones were
separated from those of the Pantokrator Fm. In the central part of the map, Vigla Fm
limestones have been recognized. The new map indicates the dip and dip directions of the
beds, as well as some new recorded faults.
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5.5. Lithotypes of AR Fm

Cecca et al. [3] defined two different lithotypes for the AR Fm: a marly and a calcareous
lithotype. The marly lithotype, which was last developed in the Toarcian, is thicker
than the calcareous lithotype. In the study area, the AR Fm is of the marly lithotype.
According to [3], the marly lithotype developed in slope areas (tilted blocks) extending
into basinal environments, leading to the presence of gravity deposits such as slumps
and debris flows. On the other hand, calcareous lithotypes were not frequent in the
Toarcian and developed on swells (pelagic ridges, deep submarine horsts, tilted blocks,
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etc.). This lithotype is characterized by the presence of hard grounds with encrusted Fe-Mn
nodules and stromatolitic overgrowths. The Toarcian AR Fm, mainly of the marly lithotype,
developed between 15◦ and 30◦ N latitude and is widespread in the Mediterranean part of
the Tethys Ocean, on the Apulian promontory and the North African margin (the passive
margin of Northern Gondwana), and at the northern margin of the Tethys Ocean on the
southern Iberian margin.

5.6. Basin Evolution

In the Ionian Basin, inversion tectonic structures occur [68]. During the Early Juras-
sic, the Ionian Basin began to open due to extensional stress that affected the Tethys
Ocean [17,25,68]. This extensional stress initiated the formation of a rift basin, leading to
deeper-water sedimentation (Stage 1 in Figure 21). This extension created accommodation
for the deposition of the Sinies limestone Fm, Posidonia bed Fm, AR Fm, limestones with
filaments Fm, Vigla limestone Fm, and all the other formations in the Ionian Basin until the
Paleogene (syn-rift successions).
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From the Middle Eocene to the Middle Miocene, the tectonic regime changed from
extensional to compressional stress (Stage 4 in Figure 21). However, from the Middle
Miocene to the present, the stress has become extensional once again [68].

During the Early to Middle Jurassic extensional phase, slopes were formed in the
Ionian Basin, leading to submarine landsliding events, such as the ones that have also been
observed in the study area.

6. Conclusions
In the frame of this study, eight sedimentary sequences in the Astakos area (Greece)

have been studied. Detailed sedimentological, tectonic, and biostratigraphic analyses of
both carbonate and clastic sediments have been conducted. They belong to the Pantokrator,
Sinies, AR, and Vigla Fms of the Ionian Zone. A new version of the geological map of the
area is presented herein. Moreover, the following findings have been reported:

• Biostratigraphic analyses showed that the studied sedimentary sequences bear an
age of Lower Jurassic–Lowermost Cretaceous. Moreover, there are indications that
some Globuligerina tests occurred earlier than previously known; their first appearance
probably occurred during the Pliensbachian.

• The palaeoenvironmental reconstruction of the studied sequence revealed two distinct
depositional environments: deep-water to open-shelf settings and platform-margin reefs.

• Deposition of the AR Fm in Astakos took place in a deep-water environment, and more
specifically in an open-shelf environment. The studied sedimentary sequence, though,
comprises an allochthonous submarine slide deposit, consisting of four imbricate slices
capped by debrites (except the upper one) rather than four discrete slides. Upwards, a
conglomerate with reworked limestone clasts has been deposited as a result of a single
turbidite. The sequence closes with sediments of the limestone with filaments and
Lower Posidonia bed Fms.

• The autochthonous AR Fm depositional setting fits well with a carbonate ramp, on
which turbidity currents with a transport distance of several kilometres would be
developed from a watery debris flow formed by headwall collapse.

• The discovery of the AR Fm slide has a profound effect on the reported sedimentation
rates for the area, which until now have not taken into consideration the duplication
of the layers, and which thus must be significantly lower.

• The AR Fm slides show similarities with other larger-scale studied sandstone–shale
slides (i.e., imbricate blocks of bedded sediment, repetitive stratigraphy, flat-lying
folds, boudinages, etc.), but some characteristics are missing due to insufficient ex-
posure. Moreover, many small-scale features of sandstone–shale slides do not ex-
ist in the AR Fm slides. This is attributed to the early partial lithification of lime-
stones near the seafloor and the resulting decrease in porosity which is present in the
studied sediments.

• The present study contributes to the Early Jurassic Ionian Basin Evolution by reporting
a case where a submarine landsliding event happened due to the existence of slopes
formed during the Early Jurassic extensional phase.

The AR Fm deposition across Greece has been a matter of debate since no detailed
studies have been conducted until now. This work highlights the complexity and the
importance of studying each individual section in detail. Further investigation of AR Fm
outcrops of the Ionian Unit in the future will expand our knowledge of the depositional
environment, the evolution, and the age of this formation across Greece.
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