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ABSTRACT

Bottom current deposits (contourites) form in association with modern-day or ancient oceanic gateways. A
paucity of examples in the ancient record and the lack of consensus on diagnostic criteria for differentiating them
from other deepwater deposits limit our understanding of how they may record past global oceanic circulation,
tectonic events and gateway evolution. This work describes an exceptional example of Eocene to middle Miocene
deep-marine deposits located both onshore and offshore deepwater environments around the island of Cyprus.
Multidisciplinary approaches were used to discriminate contourite facies associations, propose a sedimentary
model, and interpret the relations with regional tectonics and the evolution of the nearby Indian Gateway.
Contourite deposits appear in late Eocene to middle Miocene intervals interstratified with pelagic/hemipelagic
sediments, turbidites and mass-transport deposits (MTDs). These deepwater deposits developed along a slope
basin located on the upper plate of an active margin, evolving from a wide basin formed during a period of
tectonic quiescent into a series of shallowing-upward, segmented sub-basins affected by compressional stress.
The present study proposes a sedimentary model in which two contourite depositional systems developed: first in
the Eocene (dominated by finer-grained contourites), and then during the latest Oligocene to middle Miocene
(dominated by coarser-grained contourites). Both systems were buried by extensive marl deposits and record the
respective influence of deep (circulating NW) and intermediate (circulating SE) water masses. The long-term
evolution of the contourites reflects tectonic events that enhanced subduction processes south of Cyprus as
well as exchange between the Neotethys Ocean and the Indian and Atlantic Oceans —until the final closure of the
Indian Gateway by the end of the middle Miocene, when a new circulation pattern was established with the
formation of the Mediterranean Sea.

The contourites described here represent bi-gradational sequences that normally form in association with
contouritic drifts, sometimes having the asymmetric top-cut sequence characteristics of plastered drifts and
contourite terraces. The coarser (sandy) contourites, formed from the latest Oligocene to middle Miocene, consist
of three packages associated with compressive and flexural phases. They pertain to I) Chattian (late Oligocene);
II) Aquitanian/Burdigalian (early Miocene) and III) Langhian (middle Miocene). Evidence of enhanced bottom
current episodes occurs toward the top of these packages before they are buried by later dominant marl deposits.
The sandy contourites thus formed during the compressive phases, whereas the predominately finer-grained
units formed during later flexural phases. The intermittent turbidites and MTDs (developed during compres-
sional phases in combination with pelagic/hemipelagic sediments) represent the sediment supply for the con-
tourite deposits after their winnowing and / or reworking. Our research found that the diagnostic criteria for
discriminating ancient bottom current deposits from other deepwater deposits are related primarily to variations
in sedimentary processes, current behaviour and its velocity, sedimentation rates and paleoenvironmental
conditions. This highlights the importance of primary sedimentary structures, microfacies and ichnological

E-mail address: javier.hernandez-molina@rhul.ac.uk (F.J. Hernandez-Molina).

https://doi.org/10.1016/j.gloplacha.2022.103983

Received 21 June 2022; Received in revised form 26 October 2022; Accepted 28 October 2022

Available online 9 November 2022

0921-8181/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:javier.hernandez-molina@rhul.ac.uk
www.sciencedirect.com/science/journal/09218181
https://www.elsevier.com/locate/gloplacha
https://doi.org/10.1016/j.gloplacha.2022.103983
https://doi.org/10.1016/j.gloplacha.2022.103983
https://doi.org/10.1016/j.gloplacha.2022.103983
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

F.J. Hernandez-Molina et al.

Global and Planetary Change 219 (2022) 103983

features in making determinations at the sedimentary facies scale. Due to their common occurrence, sedimentary
thickness (30-40 m), potential porosity and permeability, sandy contourites can form deepwater reservoirs for
energy geosciences.

In summary, this work demonstrates the role of plate tectonics and oceanic gateways in driving the paleo-
oceanic circulation that, in turn, controls sedimentary processes and shapes the morphology of oceanic basins
and continental margins. It also allows for comparison with other present-day and ancient continental margin
deposits. Future high-resolution approaches and analyses of other geological settings could help resolve the
sedimentary architectures of similar deepwater systems in terms of episodic tectonic processes —involving
compressive-flexural stress variations. They control the Earth’s surface environment (sea-level, climate and
oceanic circulation) over time by influencing sediment supply, packages of strata and types of contourite
deposits.

1. Introduction

salt and nutrients between ocean basins and smaller sub-basins such as
the Mediterranean. In the geological past, paleo-gateways governed

Ocean basins are connected by gateways, relatively narrow passages
(e.g., Drake Passage, Strait of Gibraltar) of varying depth that control
surficial, intermediate or deep-water circulation, and by extension, the
spatial and temporal distribution of deep-water deposits (Kennett, 1982;
Smith and Pickering, 2003; Knutz, 2008; Straume et al., 2020; Bahr
etal., 2022). Gateways play a critical role in the exchange of water, heat,

paleo-circulation and marine basin dynamics (e.g., Indian Gateway or
the Central American Seaway). Thus, the opening and deepening of
gateways and paleo-gateways have strongly influenced the tectono-
stratigraphic and sedimentary evolution of basins, affecting global
ocean circulation, poleward temperature gradients, polar climate, ex-
change and vertical structure of water masses, sedimentary processes,

Fig. 1. Regional location of Cyprus indicating the main tectonic elements, local names and present day surface, intermediate and deepwater circulation. The white
dash box indicates the onshore study area but a regional investigation offshore south of Cyprus has been also executed (see supplementary information). ES= Era-
tosthenes Seamount WESB= West Eratosthenes sub-basin. The deep waters are determined by the Eastern Mediterranean Deep Water (EMDW) or Levantine Deep
Water (LDW). The EMDW consists of waters from the Adriatic Sea and Cretan Deep Water (CDW) from the Aegean Sea.
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distribution of biota, and evolution/extinction events (Berggren, 1982;
Zachos et al., 2001; Potter and Szatmari, 2009; Sijp et al., 2014; Straume
et al., 2020; Bahr et al., 2022). Despite the significance of gateways,
uncertainty persists concerning geological and oceanographic/paleo-
ceanographic processes that occur within and around them. A better
understanding of long-term tectonic controls on gateway geometry and
depth could help elucidate water exchange between oceanic basins,
decode geological and oceanographic processes, and establish links be-
tween environmental change and basin development.

Areas adjacent to gateways usually undergo the highest bottom
current velocities (Thran et al., 2018) and thus develop pronounced
bottom current (contourite) erosional and depositional features
(Rebesco et al., 2014). Since the formal definition of contourites by
Heezen et al. (1966), several modifications have been proposed to arrive
at the current consensual definition of “sediments deposited or sub-
stantially reworked by the persistent action of bottom currents” (e.g.,
Stow et al., 2002a; Rebesco et al., 2014). Contourite deposits are usually
interbedded with other deep-water sediment types, e.g., gravitational,
hemipelagic or pelagic deposits (Stow and Smillie, 2020; de Castro et al.,
2021a; de Weger et al., 2021). Their recognition and distinction mainly
depends on their morphology and sedimentary stacking pattern, derived
from bathymetric and seismic data. Recent research has proposed more
robust diagnostic criteria for contouritic facies associations (Alonso
et al., 2016; Brackenridge et al., 2018; de Castro et al., 2020, 2021a,
2021b; Stow and Smillie, 2020; Yu et al., 2020; Hiineke et al., 2021; de
Weger et al., 2021).

The lack of good analogues for contourite deposits in the ancient
record (Hiineke and Stow, 2008; Rebesco et al., 2014) currently poses a
challenge for contourite interpretation. Such records could help
constrain facies associations for different geological settings and shed
light on long-term mechanistic factors behind their formation. Cenozoic
deposits from Cyprus are one exception to the general lack of ancient
examples (Robertson, 1976, 1977; Kahler and Stow, 1998; Stow et al.,
2002b; Rodriguez-Tovar et al., 2019a, 2019b; Hiineke et al., 2021). Over
the past decade, “The Drifters” Research Group at Royal Holloway
University of London has executed detailed and multidisciplinary
research on these deposits from Cyprus (Fig. 1). The objectives of the
present research are: a) to characterise facies associations of deep-
marine systems and identify contourite deposits, b) compare these de-
posits with other examples recognised in modern deep-marine envi-
ronments and construct a sedimentary model, and c¢) determine why,
when and how these deposits formed by assessing long-term tectonic
history and the formation and evolution of the nearby Indian Gateway
a1aG).

2. Geological and stratigraphic settings

Cyprus, both onshore and offshore, rests within a complex tectonic
area, in the broad zone of convergence between the African and Eurasian
plates (Figs. 1 and 2). The Island of Cyprus lies north of the Cyprus
trench, which represents the southern expression of an east-west-
striking subduction zone dipping towards the north beneath Cyprus
(the Cyprean Arc) and has influenced this zone since the late Cretaceous
(Robertson, 1998a,b; Edwards et al., 2010; Reiche and Hiibscher, 2015;
Papadimitrioua et al., 2018).

Subduction of the African plate beneath the Eurasian plate, with the
formation and uplift (obduction) of the Troodos Massif ophiolites,
occurred during the late Cretaceous (Cyprus Geological Survey, 2005).
This was followed by sea-floor spreading in a supra-subduction setting
(Pearce et al., 1984) and complex juxtaposition with the Mamonia
complex (Fig. 2), which ended by the Maastrichtian. Radiolarian
mudstone umber (Peradehi Formation), late Campanian bentonitic clays
(Kannaviou Formation) and debrites interbedded with angular clasts in
a sand and clay matrix (Kathikas Formation) formed during and after
this tectonic phase. The Lefkara Formation (Fm.) formed as deep-marine
sediments from the latest Cretaceous to the late Oligocene (Robertson,
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1976; Kahler and Stow, 1998, Fig. 2). These deposits indicate a pro-
gressive sinistral rotation of the Troodos microplate of 90° over 25 Ma
from the late Cretaceous to the early Eocene (Clube and Robertson,
1986).

Gradual shallowing during the Paleocene —especially from late
Oligocene (~23 Ma) to middle Miocene (15 Ma) — occurred coevally
with the development of sedimentary sub-basins and with the dia-
chronous deposition of the Pakhna Fm. (Fig. 2). This formation consists
of deep- to shallow-marine deposits (including reefs) that show upward
shallowing- and coarsening trends related to the uplift of Troodos Massif
ophiolites. Tectonic activity involves the northward subduction of the
Cyprean Arc during the Miocene collision between the African and
Eurasian plates (Eaton and Robertson, 1993; Cyprus Geological Survey,
2005; Kinnaird, 2008; Edwards et al., 2010). By the end of the middle
Miocene (15-10 Ma), the region underwent folding and thrusting in the
north, with the emplacement of Kyrenia terrane, juxtaposition of the
Troodos and Mamonia terranes in the south (Robertson, 1990), and the
emergence of Troodos ophiolite (Cyprus Geological Survey, 2005, 2017;
Edwards et al., 2010). The Messinian deposits (Kalavasos Fm.) region-
ally overlie the Pakhna Fm. and are covered by Pliocene-Quaternary
deposits (Nicosia, Athalassa, Kakkaristra, Apalos and fan-conglomerate
Fms.) (Robertson et al., 1991, 1995; Kinnaird, 2008; Edwards et al.,
2010; Manzi et al., 2016). Abrupt and significant uplift and climatic
changes at the base of the Quaternary generated erosion and deposition
of the fanglomerates (Cyprus Geological Survey, 2005).

The studied sections, in southern Cyprus (Fig. 2A), correspond to the
Lefkara and Pakhna Fms.; they are part of the circum-Troodos sedi-
mentary successions (Edwards et al., 2010), currently located within the
upper plate of a northward-dipping active subduction zone (Jackson and
McKenzie, 1984; Eaton and Robertson, 1993).

The Lefkara Fm. is characterised by deep-marine sediments (Fig. 2)
consisting of chalks, marly chalks, marls, radiolarian-rich calcilutites
and cherts deposited from the late Cretaceous to Oligocene — early
Miocene at a paleodepth of 2 to 3 km (Robertson, 1976; Kahler and
Stow, 1998). The Lefkara Fm. is better developed to the south and east of
the Troodos Massif, where it reaches up to 750 m in sedimentary
thickness (Cyprus Geological Survey, 2005, 2017). This formation can
be subdivided into four stratigraphic units (Gass, 1960; Robertson,
1976; Kahler and Stow, 1998). A lower marl unit features thin-bedded
pinkish-grey marls and marly chalks with occasional chert nodules. It
commonly fills depressions along the volcanic paleo-surface of the
Troodos Massif ophiolites. This marly unit was considered by Robertson
(1976) as deposited from the upper Maastrichtian to early Eocene (~67-
56 Ma) but later Kahler (1994) and Kahler and Stow (1998) established
it onset by the end of the Paleocene / beginning of the Eocene. A second
unit (early to middle Eocene, ~56-41 Ma) has white chalks with
extensive chert horizons. A third unit (middle Eocene to Oligocene and
early Miocene, ~41-23 Ma) consists of massive, chert-free, white chalks
that transition into marl-rich horizons. Finally, an upper marl unit
(Oligocene to early Miocene) consists of grey marls and marly chalks.
Previous authors report the occurrence of contourite deposits in the two
younger units (Robertson, 1976; Kahler and Stow, 1998; Stow et al.,
2002b). The contact between the Lefkara Fm. and the younger Pakhna
Fm. varies from sharp and diachronous (conformable) to unconform-
able, depending upon location, and appears as a shift from white to more
yellowish or lightly brownish coloured rocks (Edwards et al., 2010).

The Pakhna Fm. reaches about 350-400 m in sedimentary thickness
and contains chalks, marly chalks, bioturbated silty marls to siltstones,
calcarenites and conglomerate lithologies. The latter two lithologies
become more dominant in the upper part of the formation (Fig. 2). The
Pakhna Fm. deposition began with the onset of northward subduction
beneath Cyprus (Eaton and Robertson, 1993) and the uplift of the
Troodos Massif ophiolites during the Miocene, when several basins
developed (Eaton and Robertson, 1993; Edwards et al., 2010; Cyprus
Geological Survey, 2017). The two sub-basins in southern Cyprus —the
Khalassa and Maroni sub-basins— are bound by major tectonic
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Fig. 2. A) Regional geology including the location of onshore outcrops (PT, AK, Z, Ko and K) south of the Troodos Massif. Regional seafloor bathymetry with 50 m
contour intervals showing the complex morphology of the continental slope along the upper plate of the Cyprus Arc (adapted from Hall, 1994). Studied sections: AK=
Agios Konstantinos; K= Kalavasos; Ko= Korfi; PT= Petra-Tou Romiou; Z= Zenon. Sedimentary basin: MB=; Mesaoria Basin; MPB=, Maroni-Psematismenos Basin;
PB=; Polis Basin; PiB=, Pissouri Basin; and PoB= Polemi Basin. Structures: AL= Akrotiri lineament; AF= Arakapas Fault; KF= Kolossi Fault; KyF= Kythrea Fault;
OF=, Ovgos Fault; PFS= Paphos Fault System; STTFZ= South Troodos Transform Fault Zone; YFS= Yerasa Fault System. Other: T= Tokhni. B) Regional stratigraphy

of Cyprus. C) Simplified sedimentary log for the late Cretaceous to middle Miocene adapted from Robertson and Hudson (1974) and Robertson (1976) as slightly
modified by Kahler and Stow (1998).
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structures (Eaton and Robertson, 1993). Within this complex tectonic
setting, hemipelagic sediments accumulated in basin centres; but closer
to the margins, turbidites and mass transport deposits (MTDs) become
more abundant. This formation is interpreted to consist of two units
(Eaton and Robertson, 1993; Edwards et al., 2010). A lower unit con-
taining marly chalk interbedded with yellowish calcarenites gradually
transitions to interbedded sandstone beds with marls. The upper unit
hosts thin to medium bedded chalks, marls, limestones, sandstones and
siltstones. Reef facies appear at all levels, yet most commonly at the
bottom (Terra Member) and top (Koronia Member) of the formation
(Fig. 2), indicating shallow water environments in parts of the basin
even during the early Miocene (Edwards et al., 2010; Cyprus Geological
Survey, 2017).

3. Oceanographic setting

Cyprus lies in the eastern basin of the Mediterranean, in the Levan-
tine Sea, where three main water masses are identified (Wiist, 1961;
Robinson et al., 1991, 2001; Malanotte-Rizzoli et al., 1999; Millot, 1999;
Kamel and Maiyza, 2000; Hamad et al., 2005; Millot and Taupier-
Letage, 2005). The surface waters (Fig. 1) are Modified Atlantic Water
(MAW) confined to up to 150 m water depth (wd) with salinity of 37.2-
37.8 psu and temperature 15-17 °C. The Mid Mediterranean Jet (MMJ)
in the Levantine area receives comparatively less salty (fresher) water
influx from the MAW (Atlantic source) through the straits of Sicily and
bifurcates as sub-basin-scale gyres and cores.

Intermediate water consists of Levantine Intermediate Water (LIW)
flowing between 150-400 and 500 m wd (Fig. 1) with 38.73 — 38.78 psu
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salinity and a 15-16 °C temperature range. The LIW forms seasonally in
the Levantine Basin, as winter-related convection events cause density
increases through advective salinity preconditioning by the cold, saline
and dense Asia Minor Current (AMC) in the northern Mediterranean
around the Rhodes gyre. The LIW either circulates within the basin or as
westward egress to the Atlantic through the straits of Sicily. The deep
waters are determined by the Levantine Deep Water (LDW) or Eastern
Mediterranean Deep Water (EMDW), which flows deeper than 400/500
m wd (Fig. 1) and shows typical salinity of 38.7 psu and temperature of
13.4 °C. The EMDW consists of waters from the Adriatic Sea and Cretan
Deep Water (CDW) from the Aegean Sea. Final establishment of the
present-day configuration of three main water masses (MAW, LIW and
the LDW) occurred with the final closure of the Indian Gateway and the
beginnings of the Mediterranean Sea in the middle Miocene (Hamon
et al., 2013; de la Vara and Meijer, 2016).

4. Methodology
4.1. Field work: studied outcrops and sections

Most of the information and data presented in this paper come from
field observations made in eight campaigns from 2014 to 2021. Among
the range of localities visited, just four locations (Fig. 2) were studied in
detail and included in this work. They are Petra Tou Romiou (PT), Agios
Konstantinos [AK; which includes the Zenon (Z) outcrops], Korfi (Ko)
and Kalavasos (K). The Petra Tou Romiou outcrops (34°3944.7" /
32°3917.93) are described in greater detail due to their exceptional
preservation of the bottom current deposits, and because they are a key

Fig. 3. A) Location for the Petra-Tou Romiou outcrops, indicating the “beach” and A through D sections. B) Panorama of the outcrops along road B6 showing the
different sections, key stratigraphic boundaries and ages. C) General view of the beach section with sedimentary facies from the upper Lefkara Fm.
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reference for comparison with other locations. They lie 4 km WSW of
Pissuori village (Fig. 3), along road B6 towards Petra Tou Romiou (close
to the Aphrodite’s Rock), trending NE and consisting of five sections
(Beach, A, B, C, and D). The Beach Section represents the lowest section
cropping out (34°3926.79 / 32°3856.18), while sections A, B and C lie
stratigraphically above it. Research into the Agios Konstantinos outcrop
focused on two sections where both the marly deposits (Zenon section)
and the overlying Pakhna Fm. (Agios Konstantinos section) are well
exposed. The Zenon section occurs between Omodos and Mandria vil-
lages, just about 1.5 km N of Omodos (34°5139.81"/ 32°4826.71); the
Agios Konstantinos section is located about 1 km SE from Agios Nikolaos
village (34°5111.93 / 32°4529.99) along road F615 in the direction to
Arsos. The Korfi outcrop is situated about 1.5 km NE from Korfi village
(34°4810.21N / 32°5840.24E). The Kalavasos outcrop is found about 1
km SE of Kalavasos village along the E106 road (34°4555.68 /
33°1800.36), trending NW and consisting of three sections (A, B, and C).
Section A is located at 33°4558.67" / 33°1758.8. Sections B and C lie
stratigraphically above the previous one, being located at 34°4552.53 /
33°1804.24.

Sedimentary logs of outcrops include the description of lithologies,
sedimentary facies and facies associations, along with thicknesses,
sedimentary structures, colour, fossils, biogenic composition and ich-
nological features. Textural descriptions of carbonate sedimentary rocks
used the Dunham classification system (Dunham, 1962). Special atten-
tion was given to the description of diagenetic features and orientations
of major structural features. Sedimentological analysis focused on
sedimentary structures related to bottom currents. Cross-sets were
classified following the criteria of Anastas et al. (1997). Cross-stratified
and cross-laminated strata yielded 32 measurements of paleocurrent
directions.

4.2. Ichnological analysis

Ichnological analysis of outcrops served to identify a number of trace
fossils based on ichnological features such as shape, configuration,
orientation, length, width and diameter of the burrows, burrow margins,
and infill material. Samples of large, well preserved trace fossils were
prepared and further analysed for cross-cutting relationships. These
features allowed for ichnotaxonomy at ichnogenus and, sometimes,
ichnospecies levels. Ichnological analysis was conducted on two well-
differentiated spatial scales. Large-scale ichnological analysis at the
outcrop focused on trace fossil assemblages and distribution of ichno-
logical features. The relative abundance of ichnotaxa was characterized
throughout the entire section, recording variations between packages of
facies. Ichnological features were also analysed at meso- to small-scales
bed-by-bed, documenting variations in ichnofabric features such as
bioturbation degree, cross-cutting relationships, and tiering structure,
among others.

4.3. Microfacies and petrographic analysis

We determined microfacies and dominant mineral components in
thin-section samples from key stratigraphic horizons. Around 150 rock
samples were collected for regular and large thin sections. The regular
thin sections (28x48 mm; both stained and non-stained) were prepared
and analysed at the Spanish Geological Survey (IGME, Spain) and the
Department of Earth Sciences, Royal Holloway University of London
(RHUL, UK). Larger thin sections (100x75 mm) were made at the Institut
fiir Geographie und Geologie, Universitat Greifswald (Germany).
Petrographic analysis of these thin sections was carried out using a
Nikon Microphot-FX optic microscope equipped with a Nikon FX-35A
camera, or by scanning at high resolution using an Epson Perfection
V700 Photo scanner. Thin sections were analysed using the textural
classification of Dunham (1962) with modifications for the description
of microfacies types as recommended by Fliigel (2010). Additional
petrophysical analysis of 46 select outcrop samples was performed by
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Blackbourn Geoconsulting using a Nikon Optiphot-pol petrographic
microscope with an integral Canon EOS-50D camera system. A 300-
point modal analysis dataset was generated from 13 select samples.

Porosity was estimated by means of JMicrovision software from
image analysis of thin section slides, for which purpose pore spaces were
stained in blue using an optical microscope. Additional petrophysical
analysis of several samples by Geolabs Ltd. (UK) measured triaxial
permeability, porosity and particle density parameters. Porosity was
estimated based on in-house buoyancy and volume tests (Anovitz and
Cole, 2015; Ng, 2017). Compaction due to diagenesis was estimated to
be as much as two-thirds (2/3) of sedimentary thickness in the Lefkara
Fm. (Stow et al., 2002b), causing a major decrease in porosity, frag-
mentation of grains and pressure dissolution.

4.4. Biostratigraphy

We collected 40 samples from marly deposits in order to determine
foraminifera and nannoplanckton assemblages throughout the sections
(Table S1) for biostratigraphic analysis. Specialists from RPS Energy,
PalaeoVision Ltd. and the University of Salamanca (Spain) performed
biostratigraphic analysis and age determinations. The chronological
framework was based on micropaleontology of both planktonic and
benthic foraminifera and nannofossils. Biozonal interpretations fol-
lowed the Gradstein et al. (2012) time scale. Age diagnostic samples
contained abundant planktonic foraminifera and nannofossils, although
some specimens showed poor preservation. Broken, crushed, over-
grown/recrystallized, etched and cemented samples sometimes suffered
as well from reworking, which obscured age estimates. Notwith-
standing, this study generated more accurate and precise age estimates
for samples and sections than previous works. They helped correlate the
sedimentary sections and guide the paleo-environmental reconstruction.
The identity and relative abundance of foraminifera assemblages
moreover helped to constrain the relative water-depth of deposition.

4.5. Mineralogical and chemical composition

Six selected samples of the dominant lithologies listed above were
analysed by X-ray diffraction (XRD) (Tables 3 and 4) and scanning
electron microscopy - energy dispersive spectroscopy (SEM-EDS). Most
XRD and SEM analyses were undertaken by the International Centre for
Diffraction Data (ICDD) at Royal Holloway University of London (RHUL,
UK). X-ray fluorescence was performed with a Phillips PW3020 X-ray
diffractometer. Blackbourn Geoconsulting performed XRD on 11 sam-
ples and SEM on 4 samples, respectively at the X-Ray Mineral Services
Ltd. (UK) and the Department of Geosciences at the University of
Edinburgh (UK). XRD analysis provided qualitative mineral identifica-
tion and background stripping. The EDS-SEM analyses recorded mineral
and chemical composition.

4.6. Other complementary analyses

A regional seismic stratigraphic analysis of offshore areas around
Cyprus used seismic data curated by Spectrum Geo Ltd (now TGS, UK)
and analysed with the Paradigm® SeisEarth® Multi-survey Interpreta-
tion Platform (Figs. S1 and S2 in supplementary material). Seismic
stratigraphic analysis identified seismic facies and units following con-
ventional methods and basic criteria proposed by Mitchum et al. (1977)
and Catuneanu et al. (2009). Interpretation focused on coeval sedi-
mentary units with onshore Lefkara and Pakhna Fms. Isobaths (time
structure) maps were generated for the main discontinuities, and sedi-
mentary thickness maps for the main seismic units.

Regional paleocurrent reconstructions and their relation to the In-
dian Gateway were developed by the Physical Oceanography Group,
University of Malaga (Spain), following de la Vara and Meijer (2016)
(Fig. S3 in supplementary material). Reconstructions demonstrated how
plate tectonics and the Indian Gateway determined the exchange and
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dynamics of water masses to establish the prevailing paleoceanographic
regime, proving essential to understand the identified main paleo-
ceanograhic changes.

4.7. Nomenclature

This work adopts the nomenclature for sedimentary facies (F) that
we proposed previously in Hiineke et al. (2021) and expands their
description and interpretation based on the new results. Bottom current-
controlled depositional and erosional features are recognised. We use
the term “contourites” sensu Stow et al. (2002a), Faugeres and Stow
(2008) and Rebesco et al. (2014), to indicate a range of sediments
affected by different types of currents. We adopted the classification
schemes for contouritic drifts of McCave and Tucholke (1986), Faugeres
et al. (1999), Rebesco et al. (2014) and Hernandez-Molina et al. (2022).

5. Results

The Lefkara and Pakhna Fms. appear within the four studied sections
predominantly as marls, calcilutites (whitish and greenish), calcar-
enites, calcirudites, cherts and limestones (Table 1).

5.1. Petra Tou Romiou (PT)

5.1.1. Beach section

It reaches about 20 m in thickness and corresponds to white chalk
beds having regular alternations of calcilutites with persistent thin cal-
carenite beds in the Lefkara Fm. (Figs. 3C, 4 and 5). They strike 220°E
and dip 10°SSW on average. Beds exhibit upward coarsening and
thickening sequences of about 3 to 5 m (yellow inverted triangles in
Fig. 5A). Units appear whitish or light brownish in colour and display
occasional pressure dissolution features.

The calcilutite beds reach 30 to 50 cm in thickness and correspond to
Facies F2a (Table 1). They have a diffuse mottled appearance resulting
from intensive bioturbation, and occasional horizontal lamination. The
numerous stratigraphic levels show distinct trace fossils (Table 2), which
are typically filled by calcareous sediment of differing grain size or of
slightly different colour. These levels alternate with finer-grained cal-
carenite beds showing sharp or gradational boundaries and occasional
bi-gradational sequences (Fig. 5A and C). Microfacies consist of fora-
miniferal (globigerinid) wackestones (Table 1) in which bioclastic
components predominate. Ubiquitous planktonic foraminifera represent
at least 10-20% of components. Other bioclasts include radiolarians,
siliceous sponge spicules, bivalve fragments and recrystallised foram
tests, representing about 10-13% of components. Benthic foraminifera,
thin-shelled brachiopods and molluscs occasionally appear. Lime mud
and recrystallised foraminiferal material make up 70-75% of the mostly
homogeneous matrix, which consists primarily of amorphous calcite and
subordinate silica. The matrix is a carbonate mud of nannofossil micrite
composed of coccoliths and recrystallised calcite. Irregular, darker-
coloured laminae appear within the matrix and probably represent a
depositional fabric enhanced by stylolitisation. Together with the sur-
rounding matrix, bioclasts were recrystallised into a somewhat coarser
crystalline calcite, and thus show diffuse boundaries. Traces of phos-
phatic material suggest vertebrate skeletal fragments.

Finer-grained calcarenites correspond to Facies F3a (Table 1). They
range from less than 5 cm to about 8 cm, but vary laterally in sedi-
mentary thickness over distances of several meters (Fig. 5A). Calcar-
enites appear whitish in colour and show gradational boundaries with
calcilutites (Facies F2a or F2b). They locally show relict parallel- to
cross-lamination along their upper surfaces, which are extensively bio-
turbated (Fig. 5C). Dominant microfacies include packstones to wacke-
stones and occasional grainstones. Well preserved bioclasts consist of
planktonic foraminifera (mainly globigerinids), radiolarians and sili-
ceous sponge spicules in a muddy and/or micrite matrix and a particle-
supported fabric. These facies contain higher proportions of forams than
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F2a, having at least 70-75% of the bioclasts and about 9% of other
bioclastic material. In F3a there is some slight banding, distinguished by
layers in which the forams are mostly fragmented, while those shown in
the field-of-view illustrated here are mostly intact. The lime mud rep-
resents only about 15-18% of the sediment. It is homogenous, with a
nearly pure calcite composition (up to 99%), minor quartz (~1%), and
traces of illite+mica clays (Tables 3 and 4). At some stratigraphic levels,
calcarenite beds exhibit lateral changes in thickness over a distance of
several meters (Fig. 5A). They may pinch out laterally or become
replaced by a pressure dissolution seam. As reported by Rodriguez-
Tovar et al. (2019b), here the calcarenite appears only as infill within
biogenic traces in the calcilutite below.

Coarse-grained calcarenite beds show clear, sharp bases and normal
grading in the lower part (Fig. 5B). This transitions upward into parallel
and low-angle cross-lamination, terminating with a heavily bioturbated
wave top surface. Lithoclasts appear at the base. They correspond to F3d
(Table 1) and may gradually transition into calcilutites. Some coarser-
grained beds span about 3 to 10 cm in thickness, with amalgamated
internal beds that appear darker (light grey to dark brown) in colour.
These deposits are continuous, yet may show lateral changes in thick-
ness over a distance of several meters, or even disappear, and have
different ichnoassemblages than the calcilutite beds (Table 2). Microf-
acies consist of packstone and grainstones with exclusively planktonic
(well-preserved) foraminifera (globigerinids) (Table 1).

5.1.2. Section A

Section A lies stratigraphically above the previous section (Figs. 3A,
C and 4). Altogether this section spans about 60 m in thickness and
consists primarily of alternating chalks (calcilutites) and calcarenite
beds (Fig. 4, Facies F3a and F3d, Table 1). Beds strike 65° E and dip 7°
ENE/E on average. Chert beds with very good lateral continuity appear
in the upper part of the chalks (Figs. 4 and 6D). Below the chert beds,
deformed deposits (Facies F5) and normal fault structures are clearly
visible in the section (Fig. 6A and B). The upper part of section A (Fig. 4)
hosts a thick (~20 m) interval of grey marls (Facies F1, Table 1) with
calcilutites (Figs. 3B, 4 and 6E). This represents the upper marl unit of
the Lefkara Fm.

Calcilutites (F2a) and calcarenites (F3a and F3d) from this section do
not differ from those described for the previous beach section (including
bi-gradational sequences, Fig. 6C), and they belong to the same third
unit of the Lefkara Fm. Ichnological analysis of section A did not
encounter major differences with respect to ichnofossils of the beach
section (Table 2). Calcarenites of facies F3a and F3d become thicker,
however —some beds reaching 1 m in thickness. Paleocurrent mea-
surements associated with facies F3a indicated average directions of
N320 / 350 (NW) (Fig. 4).

5.1.3. Section B

This section corresponds to the lower part of the Pakhna Fm. It spans
about 35-40 m in thickness (Figs. 3A, B and 4) and unconformably
overlies the older marls (Fig. 3B), bounded by an erosional/irregular
surface. Dominant lithologies include calcilutites, calcirudites, calcar-
enites and occasional marls (Figs. 4 and 7) that correspond to facies F2a,
F2b, F3a, F3b, F3c, F3e and F4 in Table 1. These beds form several
meters of upward coarsening and thickening sequences (Fig. 7G). The
predominant colour of the unit is yellowish or lightly brownish; beds
strike about 85°E and dip 7°ENE/E on average. Section B shows a
decrease in trace fossil diversity and abundance (Table 2).

Calcilutites appear as thick (30 — 50 cm) whitish beds (Facies F2a)
and thin (several centimeters) greenish beds (Facies F2b, Fig. 7A and B,
Table 1). Facies F2a consists of a lime mud matrix that appears orange-
brown, resembling facies from underlying sections, and marking a
higher proportion of detrital clays. Greenish calcilutites (F2b) are more
common in the upper part of the record. As indicated by XRD analysis
(Tables 3 and 4), its microfacies —though similar to the whitish calci-
lutites (F2a)— are enriched in illite and quartz with proportion of 2-3%.



Table 1
Table including the identified sedimentary facies, structures, microfacies, ichnofacies and inferred depositional processes.
Facies types Sed. Structures Microfacies Ichnology Depositional
process
F1 MARLS Lamination Intensive bioturbation PELAGIC /
HEMIPELAGIC
F2a CALCILUTITES Whitish Primary sedimentary structures not recognised. Foram. (Globigerinid) wackestones (planktonic Intensive Calcareous pelagic or muddy PELAGIC /
(Chalks) Occasionally, parallel lamination. Biogenic structures foraminifers are ubiquitous). Other rare biogens: bioturbation, contourites (reworking of CONTOURITE
(e.g. burrows) smaller benthic foraminifers, thin-shelled sometimes burrows pelagic sediments)
brachiopods and molluscs. The lime mud is difficult to be
nannofossil micrite (calcareous nannoplankton; differentiated from the
coccoliths) host sediment. Diffuse
mottled appearance
F2b Greenish As above As above Intensive Calcareous muddy contourites
Enriched in illite and quartz, with contents of 2-3%  bioturbation, but (reworking of pelagic
easier differentiation sediments and clays from
of discrete burrows. altered ophiolites)
Diffuse mottled
appearance
F2c Light to dark Primary sedimentary preserved. Layers, lamination, Foram. (Globigerinid) wackestones. Clear layering Intensive bioturbation Alternation of pelagic deposits
grey occasional cross lamination or wavy bedding of packed of planktonic foraminifers with mud with calcareous muddy
dominated layers contourites (reworking of
pelagic sediments)
F3a CALCARENITES  Whitish beds Central part of a bi-gradational sequence (C3) Foram. (Globigerinid) packstones to wackestones Heavily bioturbated. Bioclastic sandy bottom- CONTOURITES
with Faint wavy lamination (packed biomicrites and poorly washed biosparites).  Diffuse bioturbational current deposits (reworking of
gradational The globigerinid tests are well preserved mottling. Discrete pelagic sediments)
boundaries biogenic structures
F3b Whitish beds Bed boundaries a) Non-compacted layers= Globigerinid a) Non-compacted Bioclastic sandy bottom-
with internal are indistinct and homogeneous or packstones- layers= Globigerinids current deposits (reworking
wavy layering  show gradual bioturbationally-mottled texture; grainstones with are the main constitutes, and redistribution of pelagic
transition to well-preserved parallel and cross varying [low] with well-preserved sediments and turbidites);
whitish and lamination is locally preserved. amounts of shallow- tests. formed during a) short-term
greenish Even more rarely, bed-form water bioclasts. Fragmented shallow- flow acceleration causing
calcilutite. related relic morphologies. Biogenic activity water bioclasts of similar intensification of rippled-bed
Banded. clearly influenced the grain size (and a layer- traction; b) short-term flow
preserved fabric. specific amount) may deceleration causing dumping
occur. of suspended sediment
b) Compacted b) Compacted Diffuse bioturbational
interlayers=pressure-dissolution interlayers= fragmented mottling and scarce
seams and flattened test prevail  discrete biogenic
within the compacted traces occur
laminae. Higher content
of fine-grained materials
such as micrite and clay
minerals.
F3c Greenish beds ~ See above See above See above Bioclastic sandy bottom-
with internal Enriched in illite, with contents of 2-3% current deposits (reworking of
wavy layering pelagic sediments, turbidites &
altered ophiolites)
F3d Sharp-based Sharp-based / gradual top boundary into calcilutites Foram. (Globigerinid) packstones and grainstones. Upper part of the bed Fine-grained turbidites TURBIDITES
beds (F2). Normal grading. Well-preserved primary traction Planktonic foraminifers occur almost exclusively intensively sourced from slope settings.
structures (parallel & cross lamination) (Globigerinacea). Particle-supported fabrics. bioturbated by Reworked and dislocated
discrete traces pelagic sediments only
F3e Sharp-based Sharp-based / planar and gradual upper boundary or Larger-benthic-foraminifera globigerinid packstone  Discrete biogenic Turbidites sourced from

beds with
normal
grading

sharp and irregular upper surface

Distinct normal grading, wavy lamination in upper part.

(more rarely by grainstones). The bioclastic fraction
shows a balanced ratio of planktonic (well-
preserved) foraminifers and (fragmented) shallow-
water materials of similar grain size. The latter

structures are
recognized

shallow marine carbonate and
upper slope settings

(continued on next page)
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Table 1 (continued)

Depositional

Ichnology

Microfacies

Sed. Structures

Facies types

process

include larger benthic foraminifera. Intraclasts at

the base of the normally-graded beds (globigerinid

wackestones).

Coarse-grained turbidites

Discrete traces

Larger-benthic-foraminifera corallinacean rudstone.

Planar and sharp base / the top may be either sharp or
gradual to whitish or greenish calcilutites (F2) or

Sharp-based
beds with
massive
texture

CALCIRUDITES

sourced from shallow marine
carbonate environments

difficult to be
observed

The rudstones consist of bioclastic materials from
shallow-water sources. < 10% of the planktonic

foraminifers (Globigerinacea). Extraclasts occur

truncated by calcarenites (F3b,c), forming normal

grading

mainly within the lowermost part of the beds. Larger

elongated bioclasts are parallel to bedding.
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Lime mud comprises up to 60-65% of widely recrystallised to micro-
crystalline calcite. The units also exhibit small amorphous particles and
some larger crystals made up mostly of calcite, with minor silicon and
other components indicative of clays. Bioclasts consist of up to 20-35%
of forams, which show better preservation (lesser degrees of recrystal-
lisation) than those observed from the beach and A sections. Other
bioclast types represent <4%, while benthic forams are <1% of material.
XRD analysis detected about 97% calcite and about 1.3% of silt grade
quartz and traces of clays (Tables 3 and 4). Facies F2a commonly as-
sociates with F3b and represents the fine-grained fraction of bi-
gradational sequences hosting an abundance of trace fossils (Table 2)
that show a prevalence of deposit feeder behaviour. Facies F2b trace
fossils are sometimes filled by facies F4 and F3d / F3e material.

Calcirudites correspond to facies F4 (Table 1). Massive calcirudite
beds reach thicknesses of up to 50 cm (Fig. 7A), though but thinner beds
may also occur. The beds exhibit sharp, planar bases and massive
texture, but also comprise normal grading (Fig. 7A). Internal lamina-
tions may occur. At times the top exhibits a sharp or gradational tran-
sition to whitish (F2a) or greenish (F2b) calcilutites. Sharp upper
boundaries continue into calcarenite beds with wavy laminations (F3b,
F3c) that directly cover massive calcirudite beds of F4 (Fig. 7A). Car-
bonate lithoclasts occur mainly within the lowermost part of the beds,
with larger elongated bioclasts parallel to bedding. Microfacies consists
of larger-benthic-foraminifera corallinacean rudstone, which signals
bioclastic material from shallow-water sources (Table 1), including
Amphistegina, Heterostegina, Operculina, and Miogypsina. Planktonic
foraminifera (globigerinids) represent less than 10%.

Calcarenite beds (Table 1) representative of this section appear in
facies F3a, F3b, F3c and F3e (Fig. 7A, B, C and E). Facies F3a resembles
those of previous sections, appearing as thin beds with gradational
boundaries in contact with calcilutites (F2a). They comprise the central
part of a bi-gradational sequence with faint wavy lamination and sig-
nificant bioturbation. Microfacies consist of foraminiferal (globigerinid)
packstones-wackestones (packed biomicrites and poorly washed bio-
sparites) in which globigerinid tests appear well preserved (Fig. 8,
Table 1).

Facies F3b (Table 1) appears commonly in this section, typically as
central part of bi-gradational sequences (Fig. 7B and C). Bed boundaries
are indistinct and show a transition to whitish (F2a) or greenish (F2b)
calcilutites. Microfacies are characterised by foraminiferal (globiger-
inid) packstones-grainstones with minor quantities of shallow-water
bioclasts (Table 1). Biogenic activity clearly influenced the preserved
fabric. These calcarenite beds exhibit lenticular bedding with internal,
wavy layering and distinct banding and ichnoassemblages (Table 2)
between compacted and non-compacted layers (Fig. 7B, C and D):

i) Non-compacted layers. These calcarenitic layers reach only a few cm
(1.5-4) in thickness and locally preserve parallel- and cross-
lamination. They may show rarer, larger cross-stratification in bed-
form (small dune-like) related morphologies (Fig. 7E). Measured
paleocurrents in these layers indicate an average N160 (SE) flow
direction. Microfacies analysis identified packstones or grainstones
surrounded by a lime mud matrix. Planktonic forams (globigerinid)
comprise between 40% and 70% of bioclasts, with only about 1-2%
of other bioclast types. A homogeneous or bioturbationally-mottled
texture also includes well-preserved tests. Samples may display
fragmented shallow-water bioclasts (larger benthic forams, bivalves,
calcareous algae, echinoids) of similar grain size (and layer-specific
amounts). Lamination appears as variation in the average size of
individual forams. The planktonic forams observed in the samples
described here typically range in size from about 0.125 to 0.250 mm
(fine sands). Smaller forams are concentrated in thinner bands, while
larger forms predominate in other parts. Proportions of lime mud and
matrix decline (<30/40%) in parts dominated by the recrystallisa-
tion of foram tests and lime mud to microcrystalline calcite (Fig. 9).
This microfacies locally shows an orange-brown colour. XRF
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Fig. 4. Sedimentary log for the Petra Tou Romiou outcrops, including the beach and A through D sections, showing lithologies, samples, paleocurrents, dominant
trace fossils and sedimentary environment interpretation. The stratigraphic position of sandy contourite packages II and III is highlighted, as are the four packages of
strata (P) within the latest Oligocene to middle Miocene deposits (inverted red triangles). Pa) late Oligocene — base of Aquitanian; Pb) Aquitanian / Burdigalian; Pc)
Burdigalian to Langhian and Pd) Serravallian to Tortonian.
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Fig. 5. Main lithologies for the beach section (Lefkara Fm.) at Petra Tou Romiou: A) Sedimentary facies of exposed white chalk beds with regular alternations of
calcilutites (F2) and persistent, thin calcarenite (F3) beds from the Lefkara Fm. Short-term coarsening and thickening upward sequences are indicated by inverted
yellow triangles at points where turbidites (F3d) and fine-grained contourite (F3a) deposits become more dominant in upper parts of the section. B) Example of facies
F3d interpreted as distal turbiditic deposits (FA2) with normal grading, horizontal and wavy laminations. C) Example of sedimentary facies interpreted as fine-
grained contourites (FA6) with typical symmetric bi-gradational sedimentary sequences from calcilutites (F2a) to calcarenites (F3a) and to calcilutites (F2a) with
gradual transitions.

ii)

analyses (Table 3) identified calcite with lesser silicon (Si),
aluminium (Al) and other peaks consistent with clays. Nitrogen (N)
appears in a relatively high proportion in some samples (as PET-13,
Fig. 4). XRD analysis (Table 4) detected up to 95% calcite, <5%
illite+mica clay, <1.9% quartz in fine silt fraction, 0.4% dolomite,
and about 0.5% illite-smectite clay and traces of kaolinite in some
samples.

Compacted interlayers appear thinner (<1 cm), with a homogeneous
or a diffuse, bioturbated mottled texture and scarce discrete biogenic

11

traces. Fragmented and flattened foram tests predominate within the
matrix, and pressure-dissolution seams are frequent. Lime mud ap-
pears dark brown in colour probably due to higher content (2-3%) of
fine-grained materials, e.g., micrite, detrital clays and possible
degraded mica within interlayers (Fig. 7D). Relative to non-
compacted layers, XRD analysis of some parts detected a lower
percentage of calcite (75-80%), higher illite+mica clay content (<15
%), slightly higher quartz (<4 %) in the fine silt fraction, 0.8%
dolomite, and traces of phosphatic material (probably fish remains)
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Table 2
Dominant ichnofacies on the studied outcrops and sections in the Lefkara and Pakhna Fms. based on this work and previous research on trace fossils.
Outcrops Sections Ichnofacies Facies References
Petra Tou Beach Dominant Ch isp. and Pl isp., frequent Th isp. and Zo isp., and rare Ta isp, assigned to the F2a & Rodriguez-Tovar et al., 2019b
Romiou Zoophycos ichnofacies F3a Miguez-Salas and Rodriguez-
Tovar, 2019a
Miguez-Salas and Rodriguez-
Tovar, 2021
Presence of Ar, ?Di, Rh-like, Th and borings F3d Miguez-Salas and Rodriguez-
Tovar, 2021
A Low/moderate diversity, with Ch, Pl, Th and Zo F2a & Miguez-Salas and Rodriguez-
F3a Tovar, 2019a
Rodriguez-Tovar et al., 2020
B Lower A decrease in trace fossil diversity and abundance, including the gradual disappearance of Zo  F2a & Miguez-Salas and Rodriguez-
part Abundance of Ch, Pl, Th, and some vertical trace fossils F3b Tovar, 2019b
Non-compacted layers: Pl in specific horizons just below calcarenitic beds and Th interrupting This work
successive calcarenite beds
Upper Ch, Pl and Th with a significant increase in the abundance of vertical trace fossils F2a&F1  Miguez-Salas and Rodriguez-
part Tovar, 2019b
This work
C Diverse and abundant trace fossils, with larger specimens. Ch, Pl and Th with Te, Gy and Op. Miguez-Salas and Rodriguez-
Predominance of vertical burrow components. Tovar, 2019b
Progressive increase in Th, Pl and Ch that would indicate a general shallowing-upward trend in This work
section C relative to section B.
D Not considered
Agios Zenon As in the upper part of section A at Petra Tou Romiou This work
Konstantinos Agios Ch, PL, Th and Zo in the lower part Miguez-Salas et al., 2019
Konstantinos A transition from Zo to Te in the upper part, together with Sy Rodriguez-Tovar et al., 2020
Some specimens of Helminthorhaphe (graphoglyptids) in turbiditic layers
Korfi Ch, Pl, and Zo and numerous vertical traces This work
Kalavassos A Ch and Pl This work
B Zo, P1, Ch and Th This work
C Not considered

Abbreviations: Ar= Arenicolites, Ch= Chondrites; Di= ?Diplocraterion; Gy= Gyrolites; Op= Ophiomorpha; Pl= Planolites; Sy= Syringomorpha cyprensis; Ta= Taenidium; Te=

Teichichnus; Th= Thalassinoides; Zo= Zoophycos.

(Table 3). Pure calcite also contained significant percentages of sil-
icon and aluminium, with variable potassium, iron and magnesium
indicating the presence of clay minerals. Both matrix and bioclasts
show significant recrystallisation into microcrystalline calcite, the
calcite crystals infilling or lining the interior of otherwise open foram
tests. Evidence of dissolution of foram tests appears in some
interlayers.

Calcarenite facies F3b gave porosity values of 10.3% (PET13), 13.7%
(PET19) and 10.7% (PET21). Sample PET-15-24c (Fig. 4) gave an
apparent porosity of 27.8%, a total porosity of 27.9%, and a perme-
ability coefficient of 1.9 10"'° m/s equivalent to about 190 md.

Facies F3c generally resembled F3b (Fig. 7A) but exhibited more
greenish beds with internal wavy layering and illite contents of 2-3%.
Greenish calcarenite beds with internal wavy layering are more abun-
dant in the upper part of the section (Figs. 3B, 7). The illite concentrate
within the compacted layers to confer the greenish colouration. Silt- and
sand-sized quartz grains also appear locally in thin sections.

Facies F3e exhibits sharp-based beds with distinct normal grading
and sharp or gradual upper boundaries occurring in the middle and
upper part of section B (Fig. 3B). Bed thickness does not typically exceed
20 cm. Microfacies consist of Larger-benthic-foraminifera globigerinid
packstone (more rarely by grainstones). Calcilutite intraclasts appear at
the base of normally-graded beds. The bioclastic fraction consists of
planktonic (well-preserved) foraminifera and fragmented, fine-grained,

shallow-water bioclasts including larger benthic foraminifera. Discrete
biogenic structures are recognised.

The upper part of section B (Fig. 4) shows an increase in marly beds
(F1) and a shift to brownish/reddish calcilutites interstratified with
whitish calcilutites (Fig. 7F), calcarenites and calcirudites. Facies F3b
shows distinct banding between non-compacted and compacted layers,
but with thicker compacted layers or replacement by brownish/reddish
calcilutites (Fig. 7F). The calcilutitic deposits host a significant increase
in the abundance of vertical trace fossils (Fig. 4 and Table 2) and like the
previously described units, they show a predominance of deposit feeder
behaviour.

5.1.4. Section C

This section lies stratigraphically above section B and reaches
thicknesses of about 35-40 m (Figs. 3, 4 and 10). Beds strike 52°E and
dip 7°NE/ENE on average. The section hosts the Pakhna Fm. with
dominant lithologies of calcilutites (facies F2a, F2b and F2c), calcar-
enites (facies F3a, F3b, F3c and F3e), and less frequent marls (facies F1)
(Table 1, showing bigradational sequences with central intervals similar
to —yet thicker than— those of F3a and F3b (50 cm) in section B,
becoming thinner again in the upper part of the section (Figs. 4 and 10).
Bedsets of several meters exhibit upward coarsening and thickening
sequences (Fig. 10A). Both chaotic and deformed deposits (facies F5)
appear at the base of the section (Fig. 4).

Calcilutites (F2) span about 15 cm thickness on average (Fig. 10B).

Table 3

X-ray diffraction analysis for the whole rock indicating weight % by mineral phase.
Sample name Illite/Smectite Illite+Mica Kaolinite Chlorite Quartz K Feldspar Plagioclase Calcite Dolomite Halite Pyrite Total
Pet-15-4b 0.0 TR 0.0 0.0 0.9 0.0 0.0 99.1 0.0 TR 0.0 100
Pet-15-24c¢ 0.5 2.6 TR 0.0 1.9 0.0 0.0 95.0 0.0 0.0 0.0 100
Pet-15-27a 0.0 0.0 TR 0.0 1.3 0.0 0.0 97.0 0.0 1.6 0.0 100
Pet-15-33b 0.0 TR 0.0 0.0 1.5 0.0 0.0 98.5 0.0 0.0 0.0 100

TR = trace amounts.
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Table 4

X-ray diffraction analysis for the <2 pm.
Sample name Wt. % Illite/smectite Illite Kaolinite Chlorite Calcite

<2pm % A % B Order % Illite % A % B Crys % A % B Crys % A % B Crys % A % B

Pet-15- 4b 9.0 0.0 0.0 TR TR P 0.0 0.0 0.0 0.0 100.0 9.0
Pet-15-24c¢ 7.9 6.0 0.5 RI/O 50-60 32.8 2.6 P TR TR P 0.0 0.0 61.3 4.9
Pet-15-27a 12.5 0.0 0.0 0.0 0.0 TR TR P 0.0 0.0 100.0 12.5
Pet-15-33b 139 0.0 0.0 TR TR P 0.0 0.0 0.0 0.0 100.0 13.9

A = Weight % relevant size fraction; B = Weight % bulk sample. Mixed-layer Ordering: RI= Randomly Interstratified; O= Ordered Interstratification. Crystallinity: P=

Poorly Crystallised. TR= trace amounts.

Foram bioclasts represent about 35-38% (other bioclasts about 0.3%),
while the surrounding lime mud represents about 60-65% of the sedi-
ment. Pervasive wispy lamination in the lime mud matrix exhibits a
slightly reddish-brown colour probably resulting from iron oxides and
weathering of detrital clays. Microfacies analysis identified wackestones
comprising a lime mud matrix resembling that described for other facies.
However, some samples (PET33a) underwent extensive dolomitization
(Figs. 8 and 9) and contain relatively high dolomite and quartz pro-
portions. The lime mud consists mostly of calcite, although it also con-
tains visible rhombic crystals of dolomite, especially within foram tests.
Facies F2b moreover contains subordinate detrital clays and silt-sized
quartz grains.

Facies F3b shows less distinct banding between non-compacted and
compacted layers. The thickness of the non-compacted layers resembles
that observed in section B, whereas the compacted interlayers appear
thinner or are normally absent (Fig. 10B and C). Microfacies analysis
identified wacketones to packstones including a lime mud matrix
(Table 1). Planktonic foraminiferal bioclast content varies slightly,
typically representing 40-45% (other bioclasts about 1.3%) and the
surrounding lime mud <62%. XRD analysis detected some 98.5%
calcite, 1.5% quartz and traces of clay minerals. The lime mud matrix is
quite homogeneous with amorphous calcite, though coccoliths also
appear (Fig. 9). Non-compacted layers from F3b in section C sometimes
resemble the one described in section B (PET33b); but in other cases
(PET34b) their texture is less grain-supported than equivalent facies in
section B. Some microfacies having a relatively high content of lime mud
matrix occur within the transition between packstones and wackestones
(Table 1). Facies at the top of F3b locally show cross-stratification in bed
forms (small dune-like) (Fig. 10D). Paleocurrents measured in facies F3b
and F3a exhibit an average trend of N150° (SE), similar to those
collected in section B.

Section C hosts diverse and abundant trace fossils, being different in
Facies F3a and F3b with respect to F2a (Fig. 4 and Table 2). Traces
indicate a prevalence of filter and deposit-feeding strategies.

5.1.5. Section D

This last section consists of a relatively thick interval (~15-20 m) of
light grey to whitish marls (Figs. 3 and 4), which correspond to Facies F1
(Table 1). Beds strike 56°E and dip 4°NE on average. Thin (~15-30 cm)
limestone beds above comprise about 15 m total thickness. At the top of
the section, coarse-grained Quaternary calcarenites unconformably
overlie the previous limestones (Figs. 4 and 10A). These calcarenites are
bounded by a clear basal erosional unit with large-scale cross-stratifi-
cations migrating south and hosting abundant shallow marine fossils.
The limestones and the above Quaternary deposits fell outside the scope
of this work and were not studied in detail.

5.1.6. Age

Previous authors who studied the Lefkara and Pakhna Fms. at the
Petra Tou Romiou location (Kahler and Stow, 1998; Stow et al., 2002b)
only reported general chronostratigraphic ages. Consensus assigns the
white chalk and upper marl units from the middle and upper Lefkara Fm.
to Eocene, Oligocene and Miocene times. The top of the Pakhna Fm. is
Miocene, but the boundary between the two formations remains cryptic.
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Eighteen samples, collected and dated from the sections described
above, serve to constrain their relative stage ages (see detailed chro-
nostratigraphic results in Table S1 of supplementary material).

Biostratigraphic results indicate a Lutetian (~45-42 Ma, middle
Eocene) age for the beach section and Lutetian to Priabonian (~42-36
Ma, middle to late Eocene) age for section A (Fig. 4, Table S1). These
units underwent some degree of early Eocene reworking. Two samples
collected from the base and the top of the first thick marly deposits in the
uppermost horizons of section A (Fig. 4) suggest a late Rupelian-early
Chattian (~29.5 to 27 Ma, Oligocene) to Chattian (~27- 23 Ma, late
Oligocene) age, yet they contain reworked Eocene to Paleogene plank-
tonic and benthic foraminifera. Samples from section B reveal that the
basal part of this section is latest Aquitanian — early Burdigalian (early
Miocene) or from ~ 21 to 19.5 Ma (Fig. 4 and Table S1). Most deposits
from section B are Burdigalian in age or between ~ 19.5 and 16 Ma
(early Miocene); its upper part could be even lower Langhian or between
~ 16 and 15 Ma. Section C is Langhian (early Miocene) to Serravallian
(middle Miocene), or between ~ 15 and 12 Ma. All samples from sec-
tions B and C show substantial reworking of older Neogene, Paleogene
and even Cretaceous microfossils. Section D marl sediments are Serra-
vallian in age or between 12.77 and 11.54 Ma (Fig. 4). Limestone de-
posits at the top of section D and below Quaternary shallow marine
deposits are Tortonian in age (~11.6 - 8 Ma).

5.2. Agios Konstantinos (AK)

This area hosts clear examples of both the Lefkara and Pakhna Fms.,
the former overlying the Troodos Massif. This Agios Konstantinos sec-
tion has not been logged in detail, though previously studied by Kahler
(1994). The upper Lefkara hosts the same facies as the Petra Tou Romiou
locality. Thick deformed units reflect the tectonic influence of the massif
(the Yerasa lineament, Fig. 2). A marly unit appears atop the Lefkara Fm.
(Figs. 11 and 12A) just below the Pakhna Fm.

5.2.1. Zenon Section (Z)

Here the section reaches roughly 15 to 20 m thickness (Fig. 11).
Marls (Facies F1, Table 1) predominate but calcilutites also persist
(Fig. 12A). These deposits correlate with the upper unit of the Lefkara
Fm. and are therefore stratigraphically equivalent to marls from the
upper part of section A at Petra Tou Romiou. The contact with the
overlain Pakhna Fm. is covered and was not described.

5.2.2. Agios Konstantinos Section (AK)

Beds strike 110°E and dip 5°/10°E. Exposures of this section reach
thicknesses of ~120 m (Fig. 11) and correspond to the lower part of the
Pakhna Fm. The section lies stratigraphically above the Zenon section
marls (Fig. 12A), although the contact between the two remains
covered. Dominant lithologies include marls, calcilutites, calcarenites
and calcirudites (Figs. 12B, C and 13). The sediments are predominantly
yellowish or light brown and mainly correspond to facies F2a, F2c, F3a,
F3b, F3d, F3e, F4 and F5 (Table 1 and 2). These facies occur throughout
the section, whereas marls (F1, Table 1) predominate in the middle part
of the section from 30 to about 90 m (Fig. 11). In the lower and upper
parts, marly beds are absent or very thin.
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Fig. 6. Main lithologies for section A (Lefkara Fm.) at Petra Tou Romiou composed of alternating chalks (calcilutites) and calcarenite beds: A) Local normal fault
structures; B) Local mass transport deposits (MTDs, FAS) in the third unit of the Lefkara Fm. (middle Eocene to Oligocene and early Miocene) composed of sediments
of the second unit of the Lefkara Fm. (early to middle Eocene) corresponding to white chalks with extensive chert horizons; C) Example of sedimentary facies
interpreted as fine grained contourites (FA6) with typical symmetric bi-gradational sedimentary sequences from calcilutites (F2a) to calcarenites (F3a) and to
calcilutites (F2a) with gradual transitions; D) Chalk and chert beds with very good lateral continuity at the top of section A. Short-term coarsening and thickening
upward sequences are shown with an inverted yellow triangle; E) Interval of grey marls (FA1) with calcilutites corresponding to the upper marls unit of the Lef-
kara Fm.
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Fig. 7. Main lithologies for section B (Pakhna Fm.) at Petra Tou Romiou: A) Sedimentary facies with alternating calcilutites (F2a) and persistent calcarenite (F3a, F3b
and F4) beds from the Lefkara Fm. (FA4 and FA7); B) Example of sedimentary facies interpreted as coarser-grained contourites (FA7) with typical symmetric bi-
gradational sedimentary sequences from calcilutites (F2a) to calcarenites (F3b) and to calcilutites (F2a); C) Central division (F3b) of the symmetric bi-
gradational sedimentary sequences with parallel planar and wavy to lenticular beds; D) Detail of the non-compacted layers (NC) and compacted interlayers (C)
described in the sandy contourites (FA7) associated with the central division (F3b) of the bi-gradational sedimentary sequences (location in B); E) Example of
asymmetric bi-gradational sedimentary sequences (FA7) from calcilutites (F2a) to calcarenites (F3b) and to calcilutites (F2a). Bedforms from the central division
evolve from parallel planar, to wavy to lenticular beds, showing cross-stratification interpreted as sandy ripples that evolved into small dunes; F) Examples of facies in
the upper part of section B with an increase of marls as well as a change in colour, with visible yellowish marls /reddish calcilutites, grey calcilutites and occasional
calcarenites (FA7); G) Short-term thickening upward sequences identified in section B are indicated with inverted yellow triangles. Here, the contact between the
Lefkara and Pakhna formations is highlighted with a dotted white line.
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Fig. 8. Examples of microfacies within calcarenite deposits interpreted as sandy contourites at Petra Tou Romiou (A to D), Agios Konstantinos (E-F), Korfi (G-H) and
Kalavasos (I). Position of the examples in Figs. 4, 9, 12, 14 and 19. A) Facies F3a with wackestone facies for finer-grained contourites. Bioclastic material resembles
pelagic/hemipelagic deposits (F2a); B) Facies F3b with packstones dominated by planktonic foraminifera (and <2% other bioclasts) within a lime mud matrix (33%);
C) Facies F2a transition to F3b wackestone, extensively dolomitized, including foram tests replaced by dolomite(D); D) Facies F3b with a wackestone-dominated lime
mud matrix (62%) and <40 % planktonic foraminifera and other bioclasts. Note a benthic foram on the right; E) Facies F3b with packstone fabric having planktonic
foraminifera and including fragments of calcareous algae (CA); F) Facies F3b with packstones of forams and other bioclasts as fragmented bivalves (FB), echinoids,
sponge spicules (SS), etc.); G and H) Facies with packstones showing mostly planktonic foraminifera within a lime mud matrix and with some benthonic foraminifera;
I) Facies F3a with packstone to wackestone fabric, mostly with planktonic foraminifera within a lime mud matrix and affected by significant dolomitization. Dark
circles are air bubbles within the mounting resin. The examples from A, D, E, F, G and H offer evidence that bioclasts are affected by recrystallisation into finely
crystalline calcite.
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(caption on next page)
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Fig. 9. SEM images for contourite deposits indicating lime mud (left) with relatively low-magnification (100 pm) and lime mud matrix (right) with higher
magnification (10 pm). The lime mud is usually homogeneous due to dissolution and recrystallisation. The foraminifera clearly appear in thin sections as numerous
“ghostly” globular forms. The components of the lime mud matrix consist of particles several microns apart, some of them amorphous. Others show crystal ter-
minations representing recrystallised calcite, while yet others display some microstructure indicating that they are bioclast fragments such as coccoliths. A) Sample
illustrated in thin section of F3a showing lime mud (left) with ghostly globular forms. Elongated bioclasts may represent siliceous sponge spicules. At right, radi-
olarian skeletons appear intergrown with calcite cement; B) Homogeneous lime mud in F3b where dissolution and recrystallisation of foram tests makes them almost
undetectable, but indistinct globular forms and pods of more coarsely crystalline calcite elsewhere probably likewise indicate locations of forams. On the right, the
lime mud matrix mostly consists of calcareous particles a few microns across, some of which are amorphous, although many exhibit euhedral crystal faces indicating
recrystallisation. Numerous fibers present suggest small amounts of clay present throughout the matrix; C) Homogeneous lime mud in F3b with some globular forms
and pods of sparry calcite that infill foram tests. Forms at right illustrate part of a pod of sparry calcite. The more finely crystalline calcite elsewhere may represent
original calcareous tests that have been recrystallised; D) Bioclasts within F3b include better preserved forams as compared to many other samples examined in the
contourites. This may be associated with the dolomitization recognized in package III from section C at the Petra Tou Rominou and Kalavasos localities, where clearer
morphological and/or mineralogical evidence of bioclasts and the surrounding matrix is preserved. On the right, small rhombic crystals of dolomite are visible, as
well as calcite, with subordinate clays and occasional quartz grains that demonstrate not all the matrix has been dolomitized. Position of the examples given
in Fig. 19.

Facies F5 exhibits deformed deposits throughout the section the two calcarenite samples found mainly calcium carbonate along with
(Figs. 12B and 13B). One of the biggest event occurs at the base of the minor concentrations of magnesium, aluminium and silicon, and traces
section, between 10 and 20 m (Fig. 12B and C),. This section has more of sodium, chlorine, potassium, phosphorus and iron. XRD analysis of
abundant diagenetic features than the Petra Tou Romiou section. some samples detected up to 98.8% calcite, <0.7% illite+mica clay and

Calcilutites are characterised by facies F2a and frequent F2c <1% quartz.

(Table 1), which include light to dark brownish-grey wackestone. Facies Calcirudites (Facies F4; Table 1) are orange-brown coloured bio-
F2a exhibits a homogenous fabric of sparsely-packed planktonic forams clastic rudstone, gradually passing upwards into calcarenites (grain-
within the dominant lime mud matrix, similar to those described for stone). Sedimentary structures include normal grading and fining
Petra Tou Romiou units. Most of the forams are well-preserved, but upwards, imbrication of large clasts, parallel lamination, and lenticular
many have been recrystallised to a finely crystalline calcite. The units lamination (Fig. 13A). These facies mark a gradual upward transition of
show intense bioturbation, with burrow infill composed of mud with normal grading or sharp upper surfaces indicating erosional horizons.
planktonic foraminifera. Facies F2c appears light to dark brownish-grey They are composed primarily of thick-shelled bioclasts, including larger,
in colour (Fig. 13C-F) and displays faint or sharp layering of packed shallow marine benthic foraminifera, brachiopods, bryozoans, coralline
planktonic forams in mud dominated layers (sparse biomicrite). De- red algae, crinoids, echinoid fragments and serpulid bioclasts. Occa-
posits show parallel lamination, occasional cross-lamination or wavy sional lithoclasts represent shallow water limestones and also intra-
bedding, and intense bioturbation (Fig. 13A, D-F, Table 2). For these two clasts, possibly rich in deep-water radiolarians. Foraminifera types
facies, planktonic foraminiferal matrix contain intraparticle micrite and among the larger shallow marine benthic foraminifera include Amphis-
sparite different from the interparticle micrite. Diagenetic evidence in- tegina, Heterostegina, Operculina, Discocyclina, Lepidocyclina, Miogypsina,
cludes pressure solution features and stylolites, occurring pervasively and Borelis melo. The matrix consists of micrite and smaller planktonic
throughout facies F2a. XRD analysis of some of these samples detected forams occurring in both intact and fragmented forms, together with a
up to 97% calcite, <2% illite+mica clay and <1% quartz. sparry calcite cement. Smaller planktonic foraminifera include Globi-

Calcarenites appear in facies F3a, F3b, F3d and F3e (Table 1). F3d gerina and Orbulina (globigerinids). An interparticle micrite or sparite
and F3e are orange-brown in colour (Fig. 13A, E and G) and correspond matrix predominates throughout. Intraparticle micritic recrystallisation
to packstone-grainstone, which is supported by homogenous and well- is also observed among lithoclasts. Peloids or fecal pellets comprise the
sorted grains of planktonic foraminifera with very little interparticle remainder of the composition.
lime mudmatrix. The unit displayed variable percentages of clays, Calcarenites and calcirudites give average porosities of 0.27% to

possibly affected by compaction causing pressure dissolution or stylolite 0.11% for the calcirudite (AK- 16-02-L, AK-16-26). Calcarenite samples
features (facies F3a and F3e) as well as by diagenetic alteration through do not give average porosities higher than 0.01% (AK-16-05 and AK-16-
cementation and neomorphism (facies F3b). Recrystallised textures 14). Zones around pressure solution features have higher porosity
include finely crystalline calcite. Facies F3a (Table 1) consists of pack- values, between 16.6% and 20.76% (AK-16-17).

stone with distinct bioturbation (Table 2), faint parallel- or cross-

lamination, and wavy bedding. Facies F3b consists of foraminiferal 5.2.3. Age

packstone — grainstones with a higher proportion of interparticle mud. Ten samples from the Agios Konstantinos and Zenon sections were
Foram distributions are relatively homogenous within distinct parallel- analysed for their chronostratigraphic age (Fig. 11 and Table S1). The
or cross-laminations displaying subtle bioturbation features. Other Zenon marls gave an age of early Rupelian (early Oligocene) and did not
sedimentary structures observed include flaser and wavy bedding show reworking within either micropaleontological or nannofossil as-
(Fig. 13G). Samples with grainstone microfacies (F3d, F3e) occasionally semblages. The base of the Agios Konstantinos section appears to be late
contain benthic forams, fragments of calcareous algae, brachiopods, Rupelian to Chattian in age (late Oligocene). Samples within the section
echinoids, bivalves, serpulids and occasional bryozoans. Larger shallow give early Aquitanian ages (~ 23 Ma; early Miocene). The upper part of
marine benthic forams include Amphistegina, Operculina, Discocyclina, the section gave ages ranging from Burdigalian to Langhian. The top of
Lepidocyclina, Miogypsina, and Borelis melo. Smaller planktonic forams the section (sample AK-16-27. Figs. 11 and 13H) gave a late Burdigalian
include Globigerina and Orbulina (globigerinids). In samples with pack- age (~ 17.5 to 15.97 Ma). Micropaleontological assemblages from this
stone microfacies, intact or fragmentary planktonic foraminifera interval show moderate to high degrees of reworking of predominantly
ranging in diameter from 0.250 to 0.125 mm predominate within the Eocene —but also locally Eocene to Oligocene, some Late Cretaceous
dark, lime mud matrix. Facies F3e features packstone-grainstone beds and occasional Palaeogene— nannofossil material, especially in lower
with a sharp base, occasional sole marks and scour fills (Fig 13D), parts of the section. The upper part of the section shows occasional
normal grading with well-preserved lamination, and an absence of reworking of Eocene to Oligocene planktonic foraminifera and
bioturbation. In these facies, the lime mud matrix within planktonic nannofossils.

foraminiferal tests has partially recrystallised to microcrystalline calcite
cement, and micrite grades into microspar. Compositional analysis of
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Fig. 10. Main lithologies for sections C and D (Pakhna Fm.) at Petra Tou Romiou: A) Calcilutites (F2a; F2b), calcarenites (F3a, F3b, F3c, F3e) and less frequent marls
(F1). Short-term thickening upward sequences are indicated with inverted yellow triangles; B) and C) Examples of sedimentary facies interpreted as coarser-grained
contourites (FA7) with typical bi-gradational sedimentary sequences from calcilutites (F2a) to calcarenites (F3a, F3b) and to calcilutites (F2a); D) Example of an
asymmetric bi-gradational sedimentary sequence (FA7) from calcilutites (F2a) to calcarenites (F3b) and to calcilutites (F2a). Bedforms from the central division
evolve from wavy to lenticular beds to cross-stratification interpreted as sandy ripples that evolve into small dunes.
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5.3. Korfi (ko)

The section reaches a thickness of roughly 30 m, with beds striking
130°E and dipping 30°SW. Dominant lithologies are marls, calcilutites
and calcarenites (Fig. 14), more closely resembling those of Agios
Konstantinos than those from Petra Tou Romiou. Marls predominate in
the lower part of the section (facies F1 in Table 1) as opposed to the
upper part (last 15 m) where calcilutites and calcarenites predominate.

Calcilutites consist of facies F2a and F2c (Table 1), being light to dark
brownish-grey in colour (Fig. 15 A and B). Facies F2a corresponds to a
wackestone of planktonic foraminifera within a mud matrix. The deposit
lacks sedimentary structures but shows intense bioturbation (Table 2).
Facies F2c exhibits faint layering of packed planktonic foraminifers

Global and Planetary Change 219 (2022) 103983

within mud- or clay-rich layers subjected to intensive bioturbation. The
deposit shows parallel lamination and occasional cross-lamination or
wavy bedding (Fig. 15D). Paleocurrent measurements associated with
these beds indicate N70° (NE) directions, with one uncertain measure-
ment of N240° (SW).

Calcarenite beds corresponding to facies F3d and F3e (Table 1)
represent packstone-grainstones with sharp boundaries, normal grading,
horizontal lamination, cross-lamination and convoluted lamination
(Fig. 15C and D). These units contain varying proportions of planktonic
foraminifera within a lime mud matrix, while coarser beds include
bioclasts of shallow marine benthic foraminifera (up to 10-20%), bra-
chiopods, bryozoa, coralline red algae, echinoid fragments, crinoids and
serpulids. Bioclasts and lime mud matrix are found recrystallised into a

Fig. 11. Sedimentary log for the Zenon section and Agios Konstantinos showing main lithologies, samples, paleocurrents, dominant trace fossils and sedimentary
environment interpretation. The stratigraphic position of sandy contourite packages I and II is highlighted, and the two packages of strata (P) within the latest
Oligocene to middle Miocene deposits are indicated by inverted red triangles: Pa) late Oligocene — base of Aquitanian, and Pb) Aquitanian Burdigalian.
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Fig. 12. A) Marls and calcilutite deposits (FA1) from the Zenon section corresponding to the upper marl unit of the Lefkara Fm.; B) Main lithologies for the Agios
Konstantinos section with marls (F1), calcilutites (F2a and F2c), calcarenites (F3a, F3b and F3e), and calcirudites (F4) that characterised pelagic/hemipelagic (FA1),
contourite (FA6 and FA7), turbidite (FA4 and FA3), and mass transport deposits (MTD, FA5). Identified short-term thickening upward sequences are indicated by
inverted yellow triangles. The positions of Fig. 11A and B are indicated. C) Large MTDs (slumps, FA5) at the base of the Agios Konstantinos section with a prominent
truncation surface at their top. The position of Fig. 13A with reworked turbidite (F4) and sandy contourite deposits (F3b) is also shown.
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Fig. 13. A) Sedimentary facies with alternating calcilutites (F2c) and persistent calcarenite (F3b 4) beds from the Pakhna Formation, with an example of sedimentary
facies interpreted as coarser-grained contourites with non-compacted (NC) and compacted interlayers (C) from bottom-current reworked turbidite (F4); B, C and D)
Example of marls (F1), calcilutites (F2c), calcarenites (F3e) and MTDs (FA5). Note the darker colour of F1 as well as the orange-brown colour of calcarenites. In D the
facies F3e there are packstones with a sharp base, occasional sole marks, normal grading with lamination, and an absence of bioturbation (FA3); E) and F) Calcilutite
deposits (F2c) with cross-lamination associated with finer-grained contourites (FA6); G) Calcarenite (F3b) wavy and lenticular beds with cross-stratification
interpreted as coarser-grained contourites with non-compacted (NC) and compacted interlayers (C); H) Upper part of the Agios Konstantinos section with domi-
nant marls (F1), calcilutites (F2c) and calcarenites (F3e).

22



F.J. Hernandez-Molina et al.

Global and Planetary Change 219 (2022) 103983

Fig. 14. Sedimentary log for the Korfi section (Pakhna Fm.) showing main lithologies, samples, paleocurrents, dominant trace fossils, and sedimentary environment

interpretation.

finely crystalline calcite. Forams are replaced by sparry calcite or
microspar. Recrystallisation or growth of sparry calcite can obscure
depositional fabric.

Three samples from the Korfi location were analysed for chro-
nostratigraphic ages (Table S1). They yielded abundant planktonic
foraminifera with protracted age ranges. Abundant nannofossils, how-
ever, showed better preservation than that seen in samples from previ-
ous locations. Nannofossils consist mainly of the genus Reticulofenestra
with less abundant specimens from the genera Coccolithus and Spheno-
lithus. Samples from the base of the section therefore appear to be
Aquitanian (early Miocene) in age. Micropaleontological assemblages
display pervasive reworking of predominantly Eocene and Oligocene
aged planktonic foraminifera.

5.4. Kalavasos (K)

5.4.1. Section A

The lower section (Figs. 16, 17A) hosts beds striking 35°E and dip-
ping 25°SE. It reaches around 30 m in thickness and hosts alternating
white chalks and marl beds with regular occurrence of calcilutites and
thin but persistent calcarenite beds of the Lefkara Fm. (Fig. 17B). Units
appear whitish or light brown in colour and display occasional pressure
solution features. These deposits and associated facies resemble the
Beach section and section A at the Petra Tou Romiou locality.

The calcilutite beds range from 30 to 50 cm thick and correspond to
facies F2a (Table 1). They alternate with fine-grained calcarenite beds
(facies F3a, F3b) along sharp or gradational boundaries to form bi-
gradational sequences (Fig. 17B). Microfacies analysis identified globi-
gerinid wackestones (Fig. 8, Table 1) with prevalent bioclastic compo-
nents consisting of ubiquitous planktonic foraminifera and subordinate
radiolaria within a lime mud matrix. The carbonate matrix consists of
nannofossil micrite primarily composed of coccoliths. The unit has oc-
casional plane-parallel and rare cross-lamination. Calcarenite beds
mainly correspond to facies F3a (Table 1). They appear white in colour,
range from 5 to 8 cm thick, and have sharp or gradational boundaries
with indistinct parallel- to cross-lamination and extensive bioturbation
(Figs. 16, 17B, Table 2). Dominant microfacies include packstones to
wackestones (occasionally grainstones) in which bioclasts consist of
well-preserved planktonic foraminifera (mainly globigerinids) and ra-
diolarians in a muddy and/or micrite matrix. Coarse-grained calcar-
enites of facies F3d (Table 1) do not appear at this locality. Paleocurrent
measurement associated with facies F3a gave an average direction of
N300 (NW).

23

5.4.2. Section B

Section B reaches about 55 m in thickness. Beds strike 40°E and dip
around 25°SE. Samples show significant dolomitization and trace fossils
(Fig. 16, Table 2).

As it belongs to the Lefkara Fm., the first 10 m of the package host
lithologies similar to the section below. The Section B consists of alter-
nating marls and chalks with three continuous chert beds clearly present
at the top (Fig. 16). These deposits rest in a stratigraphic position similar
to that of the cherts identified in the upper part of section A at the Petra
Tou Romiou location. Above the chert beds, a 15-20 m interval displays
similar lithologies but hosts more marly beds. The upper section shows
facies F5 deformed structures (Fig. 16). Stratigraphically above these
lithologies, an initial ~8 m interval of grey marls (facies F1, Table 1)
with occasional calcilutites appears. Units above this marly unit vary in
lithology relative to section A, which corresponds to the Pakhna Fm.
Varied lithologies include calcilutites, calcarenites and marls (Figs. 16
and 18), although light grey to whitish calcilutites and marls
predominate.

Calcilutites consist of facies F2a and F2c (Fig. 18 A-E, Table 1). They
average about 20-30 cm in thickness, exceptionally reaching greater
thicknesses (1-1.5 m; facies F2a). Facies F2a exhibits a homogenous
fabric of sparsely packed planktonic foraminifera within a dominant but
variable lime mud matrix that shows intensive bioturbation but no other
sedimentary structures. Concentration of planktonic foraminifera can
increase to become packstones similar to F3a (as in sample K17-10,
Fig. 16). Facies F2a shows recrystallisation of bioclasts and matrix into
microcrystalline calcite with significant dolomitization. Distinctive
rhombic crystals appear within the mud matrix. The matrix includes
<1% quartz in silt to very fine-grained sand grains. Facies F2c exhibits
faint to pronounced layering of packed planktonic foraminifera within
mud-dominated layers. Despite intensive bioturbation, units still display
parallel lamination or occasional cross-lamination and wavy bedding.
Reddish-brown coloration may result from iron oxides or iron-rich clays
that become less common in upper parts of section B.

The dominant calcarenite beds correspond to facies F3a and F3b
(Table 1) and show indistinct bed boundaries and a gradual transition to
calcilutites. These facies comprises globigerinid packstones-grainstones
with very low proportions of shallow-water bioclasts (F3b). At times
they show well-preserved, parallel and cross-lamination, and only rarely
cross-stratification (Fig. 18C). Measured paleocurrents in these layers
indicate an average NNW flow direction, but with few subordinate SE
measurements (Fig. 16). Section B contains no evidence of organised
(facies F3d, F3e or F4) or disorganised (facies 5) intervals.

At about 75-78 m, the upper part of section B exhibits a remarkable
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Fig. 15. A) and B) Korfi section (Pakhna Fm.) with dominant lithologies: marls (F1), calcilutites (F2a and F2c) and calcarenites (F3d and F3e); C) and D) Turbidite
beds (F3e) with sharp-based boundary, normal grading, horizontal lamination, cross-lamination, convoluted lamination, and an occasional reworked top (FA3).

increase in marls among grey calcilutites and occasional calcarenites,
along with clearly visible yellowish marls and reddish calcilutites
(Figs. 16, 17D and 18D). Paleocurrent measurements in these facies gave
an average flow direction of N310° (NW), similar to that recorded for
section A.

5.4.3. Section C

This final section lies stratigraphically above section B, but their
contact remains covered. Section C contains thin intervals (~5 m) of
calcilutites and marls, as well as rare calcarenites (Fig. 18E), corre-
sponding mainly to facies F1 and F2c (Table 1).

5.4.4. Age
Thirteen samples from the Kalavasos location were dated (Fig. 16
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and Table S1). Section A samples gave Bartonian (middle Eocene) ages
but showed a minor amount of early Eocene reworking. The lower part
of the section B from the Lefkara Fm. —consisting of alternating marls,
chalks and cherts (Fig. 16)— gave Bartonian to Priabonian (middle to
late Eocene) ages. These samples contained early to middle Eocene
reworked planktonic foraminifera and nannofossils. Samples located
between chert horizons and deformed structures (Fig. 16) gave Priabo-
nian (Eocene) and Rupelian-Chattian (late Oligocene) ages. The marly
unit above the deformed deposits (Fig. 16) indicates an Aquitanian to
Burdigalian (early Miocene) age. A sample from the base of the Pakhna
Fm. suggests a Burdigalian to Langhian age (early to middle Miocene).
This sample contained planktonic foraminifera of Eocene to Oligocene
age, together with nannofossils representing reworked early Miocene
taxa. Samples from the remaining section B are late Burdigalian to
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Fig. 16. Sedimentary log for the Kalavasos section including main lithologies, samples, paleocurrents, dominant trace fossils, and sedimentary environment
interpretation. The stratigraphic position of the sandy contourite packages III is highlighted, and the four packages of strata (P) within the latest Oligocene to middle
Miocene deposits are indicated by inverted red triangles: Pa) late Oligocene - base of Aquitanian; Pb) Aquitanian / Burdigalian; Pc) Burdigalian to Langhian; and Pd)

Serravallian to Tortonian.

Langhian in age (Fig. 16). Samples showing the remarkable shift to
yellowish and reddish colour (sample K-17-21; Fig. 18D) gave Serra-
vallian (middle Miocene) ages. A sample from the top of section B
(Figs. 16 and 18E) indicates a Tortonian (late Miocene) age.

Micropaleontological assemblages in Pakhna Fm. samples showed
moderate degrees of reworking and contained predominantly Oligocene
to early Miocene planktonic foraminifera. They also contained rare oc-
currences of Eocene species or even older nannofossils. The Serravalian
samples contained reworked Cretaceous and Paleogene nannofossils.
The Tortonian micropaleontological assemblage showed no evidence of
reworking within the nannofossil assemblage, but included the shallow
water benthic foraminiferid Elphidium macellum.

6. Interpretation
6.1. Interpretation of the sedimentary facies

6.1.1. Facies F1 (Marls)

Facies F1 consists primarily of marl deposits (Table 1). They signal a
low energy depositional environment interpreted as vertical settling
with slow lateral advection of very fine-grained terrigenous sediment
through the water column. In the case of prevailing vertical settling
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processes, facies can be categorised as hemipelagic deposits (Hesse,
1975; O’Brien et al., 1980; Stow and Tabrez, 1998; Pickering and His-
cott, 2016) supplied primarily by the Troodos terrain (Eaton and Rob-
ertson, 1993).

Interstratification of these facies with F2a and/or F2c (increasing
silt- and sand-sized grains) suggests fluctuations in carbonate (Hiineke
and Henrich, 2011; Pickering and Hiscott, 2016) and terrigenous sedi-
ment supply by low-density and dilute turbidity currents and/or bottom
nepheloid layer transport (Lowe, 1982; Stow and Wetzel, 1990; McCave
and Hall, 2006). The former would reflect Bouma divisions Td and Te
(Bouma, 1962).

6.1.2. Facies F2 (Calcilutites)

Facies F2 are calcilutites composed of nannofossil mud and well-
preserved globigerinid tests. The absence of primary traction struc-
tures, poor sorting, and extensive bioturbation confer a wackestone
texture with an indistinct mottled appearance (F2a). The texture is
typical of pelagic biogenic (carbonate) oozes (Table 1) formed by
deposition of pelagic sediment with low terrigenous input (Hiineke and
Henrich, 2011). The trace fossil assemblage assigned to the Zoophycos
ichnofacies (Table 2) supports the interpretation of a pelagic environ-
ment (Miguez-Salas and Rodriguez-Tovar, 2019a, 2019b). Facies F2
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Fig. 17. A) Kalavasos section location indicating the positions of A, B and C sections; B) Example of sedimentary facies interpreted as fine grained contourites (FA6)
with typical symmetric bi-gradational sedimentary sequences from calcilutites (F2a) to calcarenites (F3a) with gradual transitions; C) and D) Panorama of section B
showing two packages of strata (P) within the latest Oligocene to middle Miocene deposits indicated by inverted red triangles: Pc) Burdigalian to Langhian; and Pd)

Serravallian to Tortonian.

may also show evidence of hydrodynamic reworking. Some layers host
bioclasts concentrated within packstone textures, centimeter-scale
banding and lamination marked by subtle colour changes. These de-
posits may correspond to very fine-grained (muddy) contourites with
facies similar to those described by previous authors (Stow and Smillie,
2020; de Castro et al., 2020, 2021a, 2021b; de Weger et al., 2021;

26

Hiineke et al., 2021) who interpreted them as a silty contourite sensu
Gonthier et al. (1984) or the C2 and C4 intervals of Stow and Faugeres
(2008). Muddy contourites are formed by very weak (<15-20 cm/s)
bottom currents (McCave and Hall, 2006; Stow et al., 2009), but their
centimeter-scale banding suggests intermittent bottom currents (Martin-
Chivelet et al., 2008; Hiineke et al., 2021).
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Fig. 18. A) Main sedimentary facies with alternating calcilutites (F2a) and persistent calcarenite (F3b) beds from section B of the Kalavasos (Pakhna Fm.) during the
Langhian, with sedimentary facies interpreted as contourites (FA6); B) Sedimentary facies for calcilutites (F2a and F2c); C) Example of sedimentary facies interpreted
as coarser-grained contourites (FA7) of the sandy contourite package III with typical symmetric bi-gradational sedimentary sequences from calcilutites (F2a) to
calcarenites (F3b) and to calcilutites (F2a), with cross-stratification in the central division; D) Yellowish marls / reddish calcilutites at the top of section B; E) Marls

(F1) and calcilutitic (F2c) Tortonian deposits in the upper part of section C.

Facies F2b resembles that of F2a, although the former takes on a
greenish colour due to its illite (and quartz) content of up to 3%.
Alteration and weathering of the mafic Troodos body (Eaton and Rob-
ertson, 1993) would be a potential source of very fine grain siliciclastic
particles transported basinwards over long distances as sediment in
suspension through nepheloid layers (Henrich and Hiineke, 2011).
Bottom currents could then redistribute this material (e.g., Pudsey and
Camerlenghi, 1998; Lucchi and Rebesco, 2007; Stow and Faugeres,
2008; Rodrigues et al., 2022c).

Calcilutites from the whitish facies F2c preserve sedimentary struc-
tures (parallel lamination, cross-lamination or wavy bedding), but bio-
turbation can also disrupt them. This facies possesses lower clay content
(<3%) and centimeter-scale banding or irregular lamination caused by
variation in detrital clay content within relatively coarse-grained
wackestones. The influence of weak and variable bottom currents in a
slightly more energetic environment —as compared to F2a and F2b—
indicates they may be contourites. Bottom currents appear to have
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eroded and deposited muddy contourites, thus indicating current ve-
locities between 15 and 20 cm/s (McCave and Hall, 2006; Stow et al.,
2009).

According to the above descriptions, facies F2 marks a gradational
change from pure pelagic/hemipelagic (F1 and F2a and F2c) to fine
grained (muddy) contourites (F2a, F2b and F2c) based on variation in
the concentration and reworking of bioclasts (forams). Weak bottom
currents could have converted wackestone textures into packstone.
Criteria for differentiating purely pelagic/hemipelagic from fine-grained
contourites are therefore quite subtle; their discernment calls for clear
evidence of reworking and a concentration of bioclasts.

6.1.3. Facies F3 (Calcarenites)

The facies F3a, F3b and F3c represent calcarenites typical of sandy
contourite deposits with internal wavy layering (Table 1). Calcarenites
are a central division of the bi-gradational sequences of Gonthier et al.
(1984) and would correspond to the C3 interval of Stow and Faugeres
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(2008). These facies present diagenetic pressure dissolution masking, in
many cases masking the primary tractional structures.

Facies F3a consists of bioclast (globigerinid) wackestones-packstones
distributed in typically thin (<10 cm), whitish beds with gradational
boundaries, indistinct traction structures and extensive bioturbation
(Fig. 5C). Particle composition exclusively of calcareous plankton shells
indicates fine-grained, sandy bottom-current deposits that formed
through an accumulation and reworking of pelagic sediments. Grada-
tional contacts and traction structures signal a gradual transition in
depositional conditions, under which fine-grained, sand-rich contourites
form because of alternating suspension and reworking/winnowing of
sediment —as opposed to episodic turbidity currents, which would show
erosional basal contacts (Gonthier et al., 1984; Mutti, 1992; Shanmugam
et al., 1993a, 1993b; Faugeres and Stow, 2008; de Castro et al., 2020,
2021a; Hiineke et al., 2021).

Bottom currents concentrate foram tests (packstones) to generate
sandy deposits (Fig. 8). Given their lower density, these medium-sand-
grained bioclasts equate to coarse- or very course-grained silts, or
even fine-grained quartz sands, in terms of critical flow velocities
(Berger and Piper, 1972; McCave and Hall, 2006; Stow et al., 2009;
McCave et al., 2017; Culp et al., 2021). Post-depositional reworking can
lead to a calcarenite deposit from the reworking of forams (from initial
calcilutites) given bottom current velocities of 15 to 20 cm s°'. Currents
with velocities of >25-30 cm s would form sandy ripples and small
dunes, however (McCave and Hall, 2006; Stow et al., 2009; Miramontes
et al., 2021).

Facies F3b is characterised by whitish and greenish banding (Fig. 7).
Spanning a few centimeters, the whitish bands consist of lenticular/
wavy bedded calcarenites plus flaser traction structures associated with
deposition of fine sand (Fig. 7B and C). Subsequent bioturbation and
diagenetic alteration obscure primary sedimentary structures. Several
lines of evidence suggest reworking by bottom currents. First, the
packstone facies shows homogenous, well sorted bioclast distribution
and grain-to-grain contact among planktonic foraminiferal tests of
distinct intraparticle and interparticle matrix. Second, parallel- to cross-
laminations indicate traction and bed-load transport. Finally, the units
feature sharp boundaries and winnowing of the finest fraction. Greenish
bands with higher proportions of terrigenous material (more clay-rich)
correspond to episodic deposition of low-density, distal turbidites
sensu Lowe (1982), which have not been winnowed. Alternatively, they
could correspond to finer-grained suspension deposition from the
bottom-nepheloid layer at periods of slightly reduced bottom-current
velocities, where the clay (illite) is mainly transported in suspension
and would not be deposited during peak flow conditions, when the
whitish layers are deposited. Whitish bands reflect differential cemen-
tation during early stages of diagenesis, while compaction mainly
affected the greenish bands.

The wavy layering most likely reflects relics of ripples migrating
episodically over the seabed, leaving behind sets of parallel- and cross-
laminated calcarenites. Facies with similar sedimentary structures
described from ODP Leg 181 —sampling the Rekohu Drift in the SW
Pacific— detected a light greenish and grey clay-bearing nannofossil
chalk with flaser-like interbeds and laminae suggesting evidence of
bottom current activity (Carter et al., 1999). Calcarenite layers docu-
ment foraminiferal bedload deposition (current speeds >15 cm s
McCave and Hall, 2006; McCave et al., 2017; Culp et al., 2021) or
transport at higher current speeds (>40 cm s!) alternated with longer
periods of intensified suspension settling from the nepheloid layer to
eventually form the greenish bands. Beds of facies F3b can show cross-
stratifications at its top, suggesting small, two dimensional, deep-
marine dunes. Flow velocities for these beds never fell below
threshold values for depositing and/or preserving calcilutites, hence
specific velocities ranging from ~ 20 to 100 cm s (Stow et al., 2009).
Such conditions can occur along the slope, where higher energies are
obtained. Ichnological data from facies F3b (Table 2) indicate inter-
rupted sedimentation with intervals of condensation during deposition.
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Discrete burrows and especially Planolites (Fig. 7B and C) show that
these interruptions signal discontinuous deposition allowing simulta-
neous bioturbation of Planolites (shallow tier structures) at, or slightly
below, the seafloor (Rodriguez-Tovar et al., 2019a, 2019b). The banded
facies might thus offer evidence of reworking after turbiditic deposition
by intermittent and relatively vigorous bottom currents with alternating
suspension and traction processes (Shanmugam, 2000; Ito, 2002;
Capella et al., 2017; de Castro et al., 2021a; de Weger et al., 2021;
Hiineke et al., 2021).

Facies F3c consists of greenish calcarenites with internal wavy
layering forming thick (up to 60 cm) beds and bed sets of bioclastic
sandy contourites (Fig. 7A). They contain globigerinid packstones-
grainstones showing clear particle support and a low mud content
(but higher mud proportions than F3a and F3b) as a result of sorting
during bottom-current induced sediment transport and deposition.

Researchers have traditionally classified contourite deposits exclu-
sively according to their lithology and texture (e.g., Gonthier et al.,
1984; Shanmugam, 2006, 2012, 2017; Stow and Faugeres, 2008;
Brackenridge et al., 2018; de Castro et al., 2021a). In view of these
classifications, the calcarenite facies F3a, F3b and F3c qualify as sandy
bioclastic contourites and have been referred as “globigerinid sands”,
“planktonic foram calcarenite”, "sandy muds", “reworked pelagic sedi-
ment” or “winnowed marl ooze” (Schiller et al., 1994). A similar con-
touritic deposit has been documented in onshore deposits of Indonesia
(Schiller et al., 1994) and in different modern ocean environments in the
Atlantic (McCave et al., 1980; Mullins et al., 1980), the Mozambique
Margin (Babonneau et al., 2022) and Pacific (Lonsdale and Malfait,
1974; Lonsdale, 1981). Indonesian deposits include Pliocene East Java
and Madura basins, which host calcarenite deposits of 20-50 m thickness
and with decimeter-scale cemented and uncemented beds whose
composition, sedimentary structures and ichnofacies (Schiller et al.,
1994) are similar to those described here for the Cyprus locality.

The lime mud from aforementioned contourite deposits appears
homogeneous with poor definition because of dissolution and recrys-
tallisation. Foraminifera observed in thin sections (Fig. 8) appear only as
numerous, faint, globular forms that are often partially replaced by
microcrystalline calcite, and even by dolomite in a few cases (Fig. 9).
The components of the lime mud matrix are distributed several microns
apart; they appear as amorphous or show terminations suggesting
recrystallised calcite. Others display a microstructure suggestive of
coccoliths of other bioclastic fragments (Fig. 9).

Facies F3d and F3e may represent turbidites (Table 1). In general, the
criteria for turbidite identification in studied outcrops includes: a)
organised to massive bedding, b) normal grading of Tb to Td intervals in
the Bouma sequence, c) shallow marine particle composition, and d)
bioturbation only at the top of beds. The turbidites of both F3d and F3e
are much better sorted than the contourite facies, and moreover particle-
supported. Deposits contain allochthonous shallow marine bioclasts
transported from adjacent shelves, as well as allochthonous deep-marine
bioclasts (mainly globigerinid forams) from the slope that underwent
reworking and transport due to erosion by turbidity currents or mass
transport processes. Specifically, the F3d facies do not have a compo-
sition referable to shallow-marine environments; these turbidites must
be supplied from the slope.

Facies F3d exhibits a sharp base and a gradual top boundary Cal-
carenite beds of < 10 cm form fining-upward sequences (normal
grading) with well-preserved primary traction structures (parallel- and
cross-lamination). This facies predominates during the Eocene. The
upper gradational boundary may also show more abrupt changes in
grain size or even local reworking. The sharp basal contact, plus the
well- to very well-sorted, normal graded beds and internal structures,
would indicate decelerating turbulent flow suspension fallout (e.g.,
Bouma, 1962). The facies is therefore interpreted as very low or low
density turbidites (Lowe, 1982; Postma, 1986; Stanley, 1987, 1988,
1993; Stow and Wetzel, 1990; Sparks et al., 1993; de Castro et al., 2020,
2021a; de Weger et al., 2021; Hiineke et al., 2021) from the slope that
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incorporated previous pelagic deposits and contourite deposits, thus
containing very small percentages of shallow water materials. They
document minor shallow marine sedimentary input compared to the
deep-marine input. The normal grading upwards, resembling the Ta
division of the Bouma sequence, indicates deposition by suspension,
while the upper parallel-and cross-lamination is linked to Tb and Tc in
the Bouma sequence (Bouma, 1962). Bioturbation occurs primarily to-
ward the top of the unit (Miguez-Salas and Rodriguez-Tovar, 2021).
Bottom currents affected some turbidites after their deposition, since the
sediments are frequently missing the Tc, Td and Te intervals; they show
signs of reworking at the top (Stanley, 1987, 1988, 1993; de Castro et al.,
2020, 2021a) or even reworking of the entire bed. In these cases, the
eroded turbidite beds are preserved only in burrow fills below the
erosional surface (Rodriguez-Tovar et al., 2019a).

Facies F3e beds show normal grading with a sharp-base and a planar
to gradual upper boundary, or else sharp and irregular upper surfaces
with common wavy lamination (Fig. 13c and D). This facies reaches up
to 20 cm in thickness and predominates during the latest Oligocene and
Miocene. The well- to very well-sorted, normally graded beds and in-
ternal structures likely reflect decelerating turbulent flow suspension
fallout (e.g., Bouma, 1962). These deposits are interpreted as turbidites
transported from shallow marine (shelf) carbonate depositional envi-
ronments with substantial additional input from upper slope settings.
Normal grading and particle composition reveal fully turbulent flows
enriched with bioclasts (globigerinids) and rip-up clasts due to erosion
under waxing flow conditions across the slope.

6.1.4. Facies F4 (Calcirudites)

Facies F4 occurs within the late Oligocene to early Miocene deposits
and consists of coarse-grained bioclastic rudstones with a sharp base and
normal grading, indicating deposition by density flows. The beds
contain abundant shallow marine fossils, meaning sediment was sourced
from shelf environments. The facies is interpreted as deposited by higher
density turbidites (Mulder and Alexander, 2001; Mulder, 2011; Hiineke
et al., 2021) equivalent to the Ta Bouma sequence (Bouma, 1962). Local
presence of Helminthorhaphe (Table 2) supports a turbiditic character
(Rodriguez-Tovar et al., 2020). Accordingly, these turbiditic deposits
show sharp, irregular and truncated upper boundaries that indicate
erosion and/or reworking by bottom currents, as proposed by previous
authors for similar deposits in other areas (Lee and Ogawa, 1998;
Stanley, 1988; Ito, 2002; Gong et al., 2016; de Castro et al., 2020, 2021a;
de Weger et al., 2021). The deposits initially initially consisted of
shallow-marine carbonate material from the continental shelf and slope.
Turbidite beds were reworked after their initial deposition by bottom
currents across the slope (Fig. 7A). The current would have formed sand-
rich deposits during intervals of higher current speed, and winnowed the
fine-grained particles during intervals of lower current speeds (Lucchi
et al., 2002; Lucchi and Rebesco, 2007).

6.1.5. Facies F5 (Deformed, amalgamated marls, calcilutites and
calcarenites)

Eocene, Oligocene and especially Miocene sediments show evidence
of slumps and debris flows. These consist of alternating beds of marls,
calcilutites and calcarenites having different degrees of bed-internal
deformation. The geometry of F5 slump deposits (Fig. 12B) shows a
downslope, a S-to-SW oriented migration component. The facies is both
underlain and overlain by normally bedded units composed of similar
sediment types. Deformed beds in F5 indicate transitions between non-
cohesive and cohesive behaviours or superimposed mass-transport
processes (Shanmugam, 2006; Haughton et al., 2009). Slumps can
evolve to turbidity currents owing to ambient water entrainment, or
when they encounter hydraulic jumps along the margin (Wright and
Anderson, 1982; Larter and Cunningham, 1993; Shanmugam, 2019).
This interaction funnels flow downward, leading to seafloor erosion,
sediment bypass, and distal deposition of coarse- to fine-grained de-
posits (Mutti, 1992; Fonnesu et al., 2020).
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6.2. Interpretation of sedimentary facies associations: decoding
sedimentary environments

The sedimentary facies described here form distinct facies associa-
tions (FA), which help elucidate sedimentary environments recorded by
the Cyprus sections. These environments occurred in well oxygenated,
normal, open marine conditions and relatively low-energy marine en-
vironments in abyssal to bathyal (deepwater) zones, except the upper
part of the sedimentary record in Agios Konstantinos and Korfi sections,
where episodic input of sediment from shallower depositional settings
signal lower or more variable salinity (Table S1).

6.2.1. Pelagic/hemipelagic deposits (FA1)

The fine-grained sediments of facies F1 and F2 are grouped into FA1.
F1 predominates and is associated with F2a/F2c. The fine-grained ma-
rine sediment of facies association FAl shows subtle changes in
composition interpreted as the interactions between pelagic/hemi-
pelagic, low-density turbiditic and weak bottom-current induced sedi-
mentation. Pelagic settling was also an important background process
during this time. Fluctuations in bottom current activity caused fluctu-
ations in contouritic and hemipelagic sedimentation. Similar facies as-
sociations have been described along continental margins in modern and
ancient sedimentary records (Pickering and Hiscott, 2016; Stow and
Smillie, 2020; de Castro et al., 2021a; de Weger et al., 2021).

6.2.2. Turbidites (FA2, FA3 and FA4)

Turbidites typically result from short-lived, rapid depositional events
that temporarily interrupt the normal activity of bottom-dwelling or-
ganisms (Bouma, 1962; Stow and Shanmugam, 1980; Lowe, 1982;
Mulder, 2011; Mulder and Hiineke, 2014). Turbidity currents usually
carry coarse-grained particles at the base and head of a flow, whereas
fine-grained particles are transported within a turbulent suspension
cloud (Bouma, 1962; Mutti, 1992, 2011). A single turbidity current can
deposit a sequence having up to five internal divisions, Ta to Te, ac-
cording to the Bouma sequence model (Bouma, 1962). From base to top,
the five divisions of the Bouma model comprise a massive, normally
graded gravelly-to-sandy unit with an erosional base (Ta) overlain by a
sandy unit with parallel laminae (Tb) and a sandy-to-silty unit with
current ripples (Tc), followed by a silty unit with upper parallel laminae
(Td), and terminating in structureless or laminated mud (Te) (Bouma,
1962; Mutti, 2011). Each division is deposited either by suspension (Ta,
Td, Te) or traction (Tb,Tc) sedimentation. The five divisions represent a
waning flow and result from flow instability, yet might be caused by
flow non-uniformity. Three facies associations were recognized in the
studied sections:

- Facies F3d is associated with F2, and more specifically F2a and F2c.
Together they represent the facies association FA2. The erosional
bases and wavy or parallel laminations —which would include Td to
Te divisions— represent very low density turbiditic flows in distal
settings (Stow and Shanmugam, 1980; Stow and Wetzel, 1990).
Facies F3e associates with F2 and specifically F2c. Together they
form facies association FA3. FA3 includes Tc or Td to Te divisions for
fine-grained turbidites, but thicker deposits having distinctive
normal grading and commonly well developed scour marks their
base occur as well. Altogether, FA3 reflects low density turbiditic
flows (Bouma, 1962; Walker, 1965; Mutti, 2011) in a more proximal
setting and/or thicker turbiditic flows relative to FA2.

Facies F4 commonly relates to facies F3b or F2a to form facies as-
sociation FA4 for medium-grained and thicker turbidites. FA4 in-
cludes the divisions Ta to Tb caused by loss of energy in turbulent
flows, and representing higher density turbiditic flows and/or more
proximal settings (Bouma, 1962; Walker, 1965; Lowe, 1982; Mutti,
2011) in comparison to FA2 and FA3. In those cases where F4 evolves
into F3b, evidence of a reworked top of the turbidites by bottom
currents could explain the lack of fine-grained fractions, generating



F.J. Hernandez-Molina et al.

bottom current reworked sands (BCRS) as the result of bottom cur-
rent reworking processes (Stanley, 1988; Shanmugam et al., 1993a,
1993b; Viana et al., 1998; Ito, 2002; Mutti et al., 2014; de Castro
et al., 2020, 2021a; Fonnesu et al., 2020). Partial reworking of a
turbidite division (usually the top) with only minor sediment trans-
port would qualify as BCRS. BCRS may or may not include a
component of lateral displacement and they usually appear in con-
tourite drifts (de Castro et al., 2020, 2021a; de Weger et al., 2021) or
mixed systems (Shanmugam et al., 1993a, 1993b; Fonnesu et al.,
2020; Fuhrmann et al., 2020; Rodrigues et al., 2022a). Mutti et al.
(2014) also defined a facies association similar to BCRS in which
genetically distinct processes (turbidity currents and bottom cur-
rents) produce vertically and laterally associated facies. Most of
these reworked sands show only minor bioturbation, but Planolites is
commonly present in cases of low-sedimentation rate or discontin-
uous sedimentation (Rodriguez-Tovar et al., 2019a, 2019b).
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The FA for turbidites include incomplete sequences, as they show
only the lower or upper divisions of the theoretical Bouma sequence
model (Bouma, 1962). Indeed, complete sequences of turbidites are rare.
The incomplete turbiditic sequences described here are typical espe-
cially in terms of calcilutite turbidites in which silt-laminated divisions
appear less distinct when compared to the equivalent siliciclastic
turbidite deposits (Piper and Stow, 1991; Stow and Piper, 1984). The
Eocene to Miocene deposits from Cyprus lack calcareous silt divisions
(Hiineke et al., 2021) and the main components of turbidites (and
contourites) are sand- to coarse-silt-sized bioclastic fragments (essen-
tially globigerinids) and nano-sized coccoliths. Coarser turbidites occa-
sionally include shallow marine components yet still host predominantly
intra-basin bioclastic components. The lack of calcareous silt particles
mainly reflects carbonate sources, indicating that organisms producing
silt-sized material were not abundant (Hiineke et al., 2021).

Fig. 19. Key examples of different bi-gradational sequences for the Lefkara (A) and Pakhna (B, C and D) formations. A) Bi-gradational sequences for fine-grained
contourites with typical bi-gradational sedimentary sequences from calcilutites (F2a) to calcarenites (F3a) and to calcilutites (F2a) with gradual transitions; B)
Bi-gradational sequences for coarser-grained contourites (package I, Chattian, late Oligocene and package II, Aquitanian/Burdigalian, early Miocene) with typical
symmetric bi-gradational sedimentary sequences from calcilutites (F2a) to calcarenites (F3b) and to calcilutites (F2a). The central division (F3b) contains non-
compacted (NC) and compacted layers (C) with planar and wavy to lenticular beds; C) Bi-gradational sequences for coarser-grained contourites (package III, Lan-
ghian, middle Miocene) with typical bi-gradational sedimentary sequences from calcilutites (F2a) to calcarenites (F3a) and to calcilutites (F2a); D) Asymmetric bi-
gradational sequences for packages II and IIl where the central calcarenite (F3b) division bedforms evolve from parallel planar or wavy to lenticular beds, to cross-

stratification indicating sandy ripples that evolved into small dunes on the top.
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6.2.3. Mass transport deposits (FA5)

FAS represents turbidite facies associations between pelagic/hemi-
pelagic and contourite features that include mass transport deposits,
MTDs (FAS5). The stratigraphic position of large MTDs depends primarily
on unconformities. Although they have been described in the literature
(e.g., Farrell and Eaton, 1987; Lee and Stow, 2007; Lord et al., 2009),
MTDs identified at the present study locality were smaller than those
reported by Lord et al. (2009). The paleocurrents from turbidites and
MTDs mainly indicate transport from the north, as reported by Eaton
and Robertson (1993).

6.2.4. Bottom current (contourite) deposits (FA6 and FA7): symmetric and
asymmetric bi-gradational sequences

The sections analysed show evidence of Eocene to middle Miocene
bottom current deposits with two main facies associations that deter-
mine several types of bi-gradational sequences.

Facies F3a and F2a are associated in bi-gradational sequences and
thus comprise FA6 with gradational boundaries between facies. On
occasion these sequences incorporate F2c instead of F2a. The facies as-
sociation FA6 documents a bi-gradational sedimentary sequence for
finer grained contourites in the Lefkara Fm. (Fig. 19A) during the Eocene
to middle Miocene. These sequences have a gradual transition from
calcilutites (F2a) to calcarenites (F3a) to calcilutites (F2a) and are
identified based on the absence of compacted and non-compacted layers
in the central division (Fig. 19A), where amalgamated and sometimes
lenticular beds may appear (Fig. 19A), respectively exhibiting parallel
and occasional cross-lamination.

Facies F3b are associated with F2b, representing a facies association
FA7 for coarser grained (sandier) contourites in the Pakhna Fm. These
deposits are tabular, with dominant paleocurrents trending SE; the
Lefkara Fm. paleocurrents trend in an opposite direction. The sandier
contourites appear in three packages (I, I and III). Package I is Chattian
(late Oligocene), package Il is Aquitanian / Burdigalian (early Miocene),
and package III is Langhian (middle Miocene) in age. In Petra Tou
Romiou sections, the contourite beds found in early Miocene package II
appear thinner than those of package III (middle Miocene). The occur-
rence of package II was previously suggested by Eaton and Robertson
(1993) and moreover described as well sorted globigerinid grainstones/
packstones with minor silt-sized quartz. This package was likewise
identified by Kahler (1994), Kahler and Stow (1998) and Stow et al.
(2002b), but erroneously included as part of the upper Lefkara Fm.

Three types of bi-gradational sequences can be determined in the
Pakhna Fm., marking complete symmetric bi-gradational sequences
(Fig. 19B and C) or incomplete asymmetric bi-gradational sequences
(Figs. 5C, 7B and E, 10D and 19). Occasionally, these sequences incor-
porate F3c instead of F3b, or F2a or F2c instead of F2b.

- Coarser-grained contourites (packages I and II, Fig. 19B) typically
appear as symmetric bi-gradational sedimentary sequences from
calcilutites (F2a) to calcarenites (F3b) and to calcilutites (F2a). The
central division (F3b) of these sequences contains non-compacted
and compacted interlayers with planar and wavy to lenticular
beds. The beds at the base of the central division appear as planar
surfaces with horizontal laminations that transition to wavy and
lenticular beds then back to horizontal laminations as at the top
(Fig. 19B). The base and top of these sequences show thick com-
pacted beds relative to those of the central division, which are much
thinner. Non-compacted beds may be amalgamated. Both the dis-
tribution of bed forms and reduction in compacted bed thickness
indicate an increase and subsequent decrease in bottom currents
during the time of formation of the central division.

Bi-gradational sequences for coarser-grained contourites (package
III) appear as typical sequences from calcilutites (F2a) to calcarenites
(F3a but ocassionally F3b) and to calcilutites (F2a). They show a
thicker, homogenous, central calcarenite interval (Fig. 19C) in
comparison with those of package II, but without the non-compacted
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or compacted layers. Wavy to lenticular beds amalgamate to show
parallel and cross-laminations.

- Asymmetric bi-gradational sequences for packages II and III
(Fig. 19D) appear as top-cut sequences for which the calcarenite
(F3b) division transitions: from parallel, planar and wavy to lentic-
ular beds into cross-stratification indicative of sandy ripples and
sandy dunes at the top of the central division. The main difference
between the bi-gradational sequences in packages II and III is the
absence of non-compacted or compacted layers in III. The distribu-
tion of bedforms suggests an increase in bottom currents during
deposition of the central division.

Standard symmetric bi-gradational sequences include calcilutite-
calcarenite-calcilutite cycles in FA6 and FA7. Coarsening-upward
(from globigerinid wackestones to globigerinid packstones) and fining-
upward sequences (from globigerinid packstones to globigerinid
wackestones) are comparable with the standard sequence defined by
Faugeres et al. (1984) and Gonthier et al. (1984). Contourites that first
coarse upwards and then fine upward mark an increase and subsequent
decrease in bottom-current velocities along with temporal variation in
local sediment supply (Faugeres et al., 1984; Gonthier et al., 1984;
Martin-Chivelet et al., 2008; McCave, 2008; Stow and Faugeres, 2008;
Rebesco et al., 2014). Faugeres and Stow (2008) defined five intervals
(C1 to C5) in the contourite sequence proposed by Gonthier et al.
(1984), wherein C3 represents the central calcarenites facies (F3a, F3b
or F3c), and calcilutites (F2a, F2b and F2c) correspond to intervals C1
and C5. Intervals C2 and C4 consist primarily of silt-sized particles, but
these calcilutite deposits do not appear among Cyprus contourites, given
the lack of organisms producing silt-sized sediment and the low grade of
shell fragmentation (Hiineke et al., 2021).

In bi-gradational sequences, the sandier central interval (C3) docu-
ments enhanced bottom currents. The observed banding with the
cemented (non-compacted) and compacted layers described in F3b and
F3c signals alternation between increasing siliciclastic material in the
green bands (more suspension fallout) and pure carbonate in the white
bands, with lenticular, flaser and parallel layering (sandy contourites).
The occurrence of non-compacted and compacted layers depends on the
abundance of clay and muddy lime and of carbonates bioclasts, and is
controlled by sorting. Higher percentages of clay and muddy lime in
basal areas may decline by the central and upper part of the central
division (Fig. 19). The percentage of forams is low at the base of the
central division, then increases slightly toward the middle and upper
parts (Fig. 19). This suggests grain size sorting processes. Bioclastic
particles other than forams (including shallow marine bioclasts) become
more abundant in the lower part of the central division of the F3b of bi-
gradational sequence B (Fig. 19B). This indicates intensified reworking
of previous turbiditic deposits. These non-compacted and compacted
layers could be interpreted as a heterolitic fabric resulting from repeated
shifts between suspension fallout and bedload deposition. Alternations
suggest short-term fluctuations in bottom current speed, and gravity
sediment supply, in agreement with ichnological analysis. They may
indicate interruptions in sedimentation, low sedimentation rates,
omission surfaces, or sedimentary condensation (Follmi, 2016; Rodri-
guez-Tovar et al., 2019a). When bottom currents become weak,
turbidity and suspension settling determine deposition. Alternatively,
coexisting turbidite-contourite deposition occurs with transport of sus-
pended, fine-grained sediments or the reworking of turbidites by
stronger bottom currents that can transport sediments along slope, and
then deposit them further as contourite drifts (Creaser et al., 2017; de
Castro et al., 2020, 2021a; Rodrigues et al., 2022c).

The standard bi-gradational sequence is widely used as a diagnostic
framework for modern and ancient bottom current and contourite
mounded drift deposits (Duan et al., 1993; Balaky and Tamar-Agha,
2017; Capella et al., 2017; Brackenridge et al., 2018; Rodriguez-Tovar
et al., 2019a, 2019b; Li et al., 2020; Zhang et al., 2020; de Castro et al.,
2021a; de Weger et al., 2021; Hiineke et al., 2021). Consequently, FA6
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and FA7 stand as partial depositional features of a contourite system. As
described above, some sequences in FA7 represent incomplete, asym-
metric bi-gradational sequences (Figs. 10 and 19). In these cases, the
central interval consists of either horizontal lamination or cross-
lamination within lenticular beds (ripples) in the lower part. Cross-
stratification at the top of the unit suggests small two-dimensional
(2D) dunes, with a more net contact to F2 calcilutites facies above.
Such asymmetric bi-gradational sequences may thus be interpreted as a
“top-cut contourite sequence”. They appear at the top of packages II and
I, and may be seen as diagnostic features of distal zone contourite ter-
races with higher bottom current energy conditions (>25 cm s) than
the ones commonly observed for contourite drifts and sedimentary
dunes (Viana and Faugeres, 1998; Thieblemont et al., 2019; Miramontes
et al., 2020; Miramontes et al., 2021; de Castro et al., 2021b).

7. Discussion
7.1. Stratigraphic, sedimentological and age considerations

7.1.1. Marly unit at the top of the Lefkara Fm. and the boundary between
the Pakhna and Lefkara Fms

The marly unit at the top of the Lefkara Fm., and stratigraphically
below the Pakhna Fm. (Figs. 6E and 12A), shows variable sedimentary
thickness. This unit provides valuable regional stratigraphic constraint
and likely corresponds to the upper marly unit at the top of the Lefkara
Fm. as defined by Robertson and Hudson (1974) and Robertson (1976).
Samples from this unit in Agios Konstantinos gave early Rupelian (early
Oligocene) ages. Samples from Petra-Tou Romiou gave late Rupelian
and Chattian (late Oligocene) ages, while samples from Kalavasos gave
Aquitanian (early Miocene) ages, thus demonstrating the degree of
regional diachroneity of the marly unit as noted by Kahler (1994).
Similar Oligocene marl deposits commonly appear around the Medi-
terranean (e.g., Rogl, 1998, 1999; Hawie et al., 2013).

The contact between the Pakhna and Lefkara Fms. SE of Agios
Nikolaos is Chattian (late Oligocene, ~ 28 to 23 Ma) in age. This contact
in the Petra Tou Romiou section is latest Aquitanian — early Burdigalian
(early Miocene, between ~ 21 to 19.5 Ma). The contact in the Kalavasos
section is Burdigalian to Langhian in age (early to middle Miocene, ~ 18
to 15 Ma). These results indicate that the base of the Pakhna Fm. is
regionally diachronous, as suggested by Eaton and Robertson (1993),
but in disagreement with Kahler (1994), who assigned a Burdigalian age
to this regional boundary. The results reported here indicate that this
boundary is older (latest Oligocene) among landward positions closer to
the Troodos Massif (inner margin position), whereas it is younger
(Burdigalian-Langhian) in basinward positions (distal margin position).
At the Petra Tou Romiou locality, the boundary between the Pakhna and
Lefkara Fms. appears as an unconformity between the Oligocene marls
and sandy (calcarenite) contourites (Fig. 7G).

7.1.2. Lefkara Fm

The studied sections correspond primarily to the middle and upper
Lefkara Fm. defined by Robertson and Hudson (1974), Robertson (1976)
and Eaton and Robertson (1993). In the sections described here, chert
beds below the marly unit and at the top of the Lefkara Fm. lie at the
same stratigraphic position and can serve as a regional stratigraphic
marker horizon (Figs. 4 and 16). The dominant sedimentary facies as-
sociation for this Eocene to Oligocene formation includes hemipelagic/
pelagic, fine grained turbidites from dilute turbiditic flows, and fine
grained contourites formed by weak paleocurrents trending NW. These
facies eventually become locally disorganised and mixed within mass
transport deposits (MTDs). Facies associations based on microfacies,
microfossil data and ichnological features indicate deep-marine envi-
ronments dominated by carbonate pelagic (chalk) sediments as previ-
ously proposed (Eaton and Robertson, 1993; Lord et al., 2009). A distal,
bathyal (lower slope) sedimentary environment reflecting normal open
marine conditions comports with the interpretation of Kahler (1994),
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who proposed that deposition took place around the Calcite Compen-
sation Depth (CCD) at 2 to 3 km water depth.

Sedimentological and tectonic characteristics of the Lefkara Fm.
suggest that the paleomargin was a wide sedimentary basin of uniform
thickness that inclined gently seaward. The sloping basin covered pre-
vious Cretaceous deposits and shows local displacement by extensional
faults. Following Dickinson’s simple classification scheme for slope
(forearc) basin morphology within active margins (Dickinson, 1995), its
characteristics represent the incipient phase of slope basin development
as suggested by further authors (Shimamura, 1995; Takano et al., 2013).
Dominant pelagic and hemipelagic sediment includes intercalations of
thin-bedded turbidites and muddy contourite deposits. They suggest
intermittent, but frequent, low-density turbiditic and along-slope bot-
tom currents transporting fine-grained material.

7.1.3. Pakhna Fm

The Pakhna Fm. hosts facies associations similar to those defined by
Eaton and Robertson (1993). In addition to an increase in average grain
size, thicker and more common high-density turbidites, debrites and
slump deposits coexist with coarser (sandy) contourites and hemi-
pelagic/pelagic deposits. Data did not show evidence of submarine
canyons within the study intervals, although Eaton and Robertson
(1993) reported late Miocene canyons at the Tokhni locality (East of the
Kalavasos section. Fig. 2). The older basal age (latest Oligocene) closer
to the Troodos Massif ophiolites (inner margin position), the younger
(Burdigalian-Langhian) basinward surface (distal margin position), and
increased sedimentation rate (Lord et al., 2009) suggest a prograding
continental margin during Pakhna Fms deposition. The Pakhna Fm. does
not offer distinctive marker horizons like the Lefkara Fm.; it does,
however, evidence development of marly deposits between sandier
contourite packages I and II, and II and III (Figs. 4, 11, 16), which can
help constrain stratigraphic orientation.

During the Pakhna Fm. deposition, the regional paleo-slope dipped
toward the south/southwest but was divided into a number of minor
slope basins due to active northward subduction along the margin
(Eaton and Robertson, 1993). The observed structure and depositional
features support the interpretation of a compressional setting and un-
stable continental slope, wherein the common occurrence of redeposited
bioclastic sediments —as well as the frequent occurrence of turbidites
and MTDs— record synsedimentary tectonic activity. Facies and facies
associations indicate deep-marine sedimentary environments within
normal, oxic, open marine conditions. The vertical facies and ichno-
logical features, along with the increase of benthic foraminifera in this
formation, would however indicate a more proximal and shallower
(middle to upper slope) setting as compared to the Lefkara Fm. These
associations show long-term variation from deepwater, pelagic car-
bonates that transition into shallow water bioclastic and terrigenous
sediment, as noted by previous authors (Robertson, 1977; Eaton and
Robertson, 1993; Kinnaird, 2008). Miocene fossils suggest episodic
input of redeposited sediments from shallower depositional settings
with lower salinity levels within the surface water.

The confinement of thicker sedimentary units to segmented basins on
synclinal areas indicates that the Pakhna Fm. was deposited during an
apparent compressional stress event entailing uplift of the trench slope
as proposed by Takano et al. (2013) for forearc Basins offshore Japan.
Consequently, trench slope break uplift and landward suppression could
produce these features in slope or forearc settings. Compressional tec-
tonics cause a shallowing of slope basins with simultaneous seaward
migration of the trench, leading to uplift of the internal zone and shal-
lowing upward sedimentary sequences in the slope basin. Slope basins
can be categorized as “overfilled deep-marine terraced” types (Dick-
inson, 1995) given that the estimated trench slope break becomes mostly
submerged and exhibits deep-marine sedimentation. Basin segmenta-
tion into 50 to 100 km long sub-basins during the late Oligocene to
Miocene reflects enhanced oblique subduction processes and strike-slip
movement (Takano et al., 2013).
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7.1.4. The marly unit in the upper Pakhna Fm

Above the sandy contourite package III within the Pakhna Fm.
(Figs. 3B, 4 and 10A), a middle to late Miocene marl formed regionally
during the Serravallian to early Tortonian stages (late Miocene, ~ 12.77
to 10 Ma). This unit serves as another stratigraphic guide for the end of
contourite deposition in onshore sections at the Cyprus locality. The
Serravallian to Tortonian white marls appear until the restriction (~ 8
Ma) and final closure of the Atlantic connection, when late Miocene blue
marls appear (de Weger et al., 2021).

7.2. Contouritic depositional systems: sedimentary model and the
stratigraphic position of the sandier contourites deposits

Facies associations FA6 and FA7 represent the partial record of
contourite depositional features (drifts) visible in outcrops at the sedi-
mentary facies scale. Robertson (1977) initially described evidence of
contourite deposits and their occurrence onshore Cyprus as the accu-
mulation of a thick sequence of Paleocene and Eocene calciturbidites,
and possible contourites along the southern margin of the Troodos
Massif. Later, other authors studied the contourite deposits (Kahler,
1994; Kahler and Stow, 1998; Stow et al., 2002b) and proposed a
sedimentary model for the uppermost chalk and marl units of the Lef-
kara Fm.

The contourites identified in this work were deposited within the
upper plate of an active continental margin (Fig. 20). Previously and
coevally deposited and modified pelagic and turbidite deposits served as
the sedimentary source. From Eocene to middle Miocene times, weak
bottom currents were vigorous enough to influence vertical settling and
low-density turbiditic processes (coeval winnowing), and/or to remo-
bilise previous pelagic and turbidite deposits (post-depositional win-
nowing and reworking). Shallow marine carbonate particles identified
within contourites have the same composition as those of the turbidite
beds. The Troodos ophiolite complex, which had already experienced
uplift and alteration during the Oligocene-Miocene, would be the
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probable source area for fine-grained siliciclastic materials (Eaton and
Robertson, 1993). Gravity flows carried the shallow marine bioclasts to
the slope setting, after which bottom currents redistributed the sedi-
ment. Occurrence of clastic particles (illite and silt-sized quartz) within
the greenish calcarenites with internal wavy layering points to bottom-
current controlled sediment entrainment from siliciclastic sources
(Hiineke et al., 2021).

Coeval contourite features have also been determined in offshore
areas around Cyprus along the slope and in deeper basins (Fig. S1 and S2
in supplementary material), thereby evidencing an active intermediate
and deep water circulation regionally throughout the eastern Mediter-
ranean Sea. The records of contourite deposits from active margins
remain scarce in comparison to records from passive margins. Further-
more, active margin contourite deposits reported from modern marine
settings appear more limited than those developed along modern passive
margins (Reed et al., 1987; Bailey et al., 2021) or in the ancient sedi-
mentary record (Schiller et al., 1994; Stow et al., 2002c). Bottom current
features have been identified along trenches and adjacent abyssal plains,
accretionary prisms and within slope basins, including forearc basins
(Underwood and Moore, 1995; Bailey et al., 2021). In the upper slope,
drift associations are common. Plastered drifts and sedimentary waves,
for example, conform extensive intra-basinal structures that serve as
corridors for enhanced bottom currents (Saffer et al., 2018; Bailey et al.,
2021).

Facies associations FA6 and FA7 represent depositional elements of
ancient contourite depositional systems (CDS), even though major
erosional features (channels, moats, furrows) did not appear in the
sections analysed here. The associations could represent two CDSs
(Figs. 20 and 21). Eocene bottom currents flowing predominantly NW
formed finer-grained contourites (FA6) along the lower slope. They were
later buried by Oligocene marls (Fig. 20). Late Oligocene to middle
Miocene circulation to the SE then formed coarser-grained contourites
(FA7) in shallower (middle to upper slope) environments. They, in turn,
became buried by Serravallian marls (Fig. 20). During that time, bottom

Fig. 20. Theoretical sedimentary model explaining formation of contourites along a basin slope of the upper plate in Cyprus. The model highlights stratigraphic
position of sandy contourite packages I, II and III and the four packages of strata (P) within the latest Oligocene to middle Miocene deposits (inverted red triangles):
Pa) late Oligocene — base of Aquitanian; Pb) Aquitanian / Burdigalian; Pc) Burdigalian to Langhian and Pd) Serravallian to Tortonian. Horizontal and vertical scale
are relative. Syn-sedimentary tectonic features were also active during the latest Oligocene to middle Miocene.
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current flow directions and velocities varied locally owing to the com-
plex local sub-basin morphology —for example, in the Korfi and Kala-
vasos locations. The Petra Tou Romiou section deposits host contourites
that are coarser and sandier than the predominantly muddy contourites
of the Agios Konstantinos and Korfi sections, located landward and to
the east (Fig. 20), which show a greater influence of the supply from
turbidity currents or MTDs from slope failure (Fig. 20). The part of the
basin hosting the Petra Tou Romiou section thus underwent more
effective winnowing and reworking processes. Facies association FA7
includes asymmetric bi-gradational sequences and sandy dunes on
flatter (terrace) domains along slope (e.g., Viana and Faugeres, 1998;
Thieblemont et al., 2019; Miramontes et al., 2019; Miramontes et al.,
2021; Miramontes et al., 2020; de Castro et al., 2021b). Terraced slopes
also frequently appear along active margins (Dickinson, 1995) and can
be identified in offshore areas around Cyprus associated to plastered
drifts along the slope (Tartus Basin) (Fig. S1 and S2 in supplementary
material). Water masses and their secondary oceanographic processes
are known to influence flatter domains by extensive development of
sandier bottom current deposits, including ripples and small dunes, as
documented in both modern and ancient marine records (Mutti et al.,
2014; Shanmugam, 2014; Hernandez-Molina et al., 2017a; Miramontes
et al., 2019, 2020, 2021; de Castro et al., 2021b) and even Mesozoic
outcrops (Badenas et al., 2012; Val et al., 2018).

Based on our observations and as described above, a regional shift in
water mass circulation occurred coeval to the transition from the Lefkara
to the Pakhna Fms., and two possible explanations could be considered:
a) a current reversal among water masses, or b) the influence of different
water masses over time. Accordingly, the lower slope was influenced by
deeper water masses during Lefkara Fm. deposition, or else the upper
and middle slope were influenced by intermediate water masses flowing
in an opposite direction during Pakhna Fm. deposition. The long-term
shallowing trend of the margin lends support to the second explana-
tion, but a flow reversal might be traced to a combination of the two.
Such a shift in water mass circulation agrees with the proposed flow
reversal between the Oligocene and Miocene through the Panama
Seaway (Fig. 21) or Cental American Seaway (Omta and Dijkstra, 2003;
von der Heydt and Dijkstra, 2005, 2006). This flow reversal is attributed
to the narrowing of the Tethys Seaway in the early Miocene (Figs. 21 and
22) and the widening of the Southern Ocean passages (von der Heydt
and Dijkstra, 2006).

Long-term sedimentary variations are detected from the Eocene to
the middle Miocene. The Eocene CDS (Lefkara Fm.) terminates by the en
of the Eocene (~33.9 Ma) and becomes buried by marl deposits from
late Rupelian to Chattian times (~29.5 to 23 Ma). Deposits occurring
stratigraphically below are chalks with extensive chert (early to middle
Eocene, ~56-41 Ma) and the lower marls (end of the Paleocene /
beginning of the Eocene) (Robertson, 1976, 1977; Kahler, 1994; Kahler
and Stow, 1998; Stow et al., 2002b). The latest Oligocene to middle
Miocene CDS (Pakhna Fm.) spans from late Oligocene to Langhian (~ 13
Ma) / early Serravallian (~ 13 Ma) being stratigraphically above the
Oligocene marls and buried by Serravallian marls (~ 13 to 11.54 Ma).
Therefore, the architecture from latest Cretaceous to early Miocene
consists of two long-term sedimentary variations (Figs. 20, 21 and 23)
having a duration of a few tens of millions of years (~ 20-25 My), where
each CDS would develop in the upper part of each variation with about
ten millions of year (Figs. 21 and 23). At smaller scales, the latest
Oligocene-mid Miocene CDS contains the following packages of strata
(P) (inverted red triangles in Figs. 4, 11, 16, 20, 21 and 23): Pa) late
Oligocene — Base of Aquitanian, Pb) Aquitanian to Burdigalian, Pc)
Burdigalian to Langhian, and Pd) Serravallian to Tortonian. Each
package of strata represents a cycle of beds showing a progradational
pattern, with dominant marl deposits in the lower part evolving into
dominant calcarenite deposits in the upper part (Fig. 23). These end with
the sandier contourite packages I (Pa), II (Pb) and II (Pc), respectively of
Chattian (late Oligocene), latest Aquitanian-Burdigalian (early Miocene)
and Langhian (middle Miocene) ages. Shallowing-upward cycles
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document the creation of limited accommodation space soon filled by
sediments, sharing common characteristics with parasequences (Catu-
neanu, 2022). Although biostratigraphy provides reasonable regional
age control for the studied outcrops, the dating does not provide a high-
resolution age model for these packages of strata. In spite of this limi-
tation, their duration appears to span a few (4-5) million years. The base,
and over the top, of the calcarenite upper parts frequently hosts MTDs
and/or turbidites representing key periods of sedimentary instability
spanning about 2-2.5 My in duration (Fig. 23). Shorter-term, thickening
upward sequences (Figs. 21 and 23) also appear within these sequences
(yellow inverted triangles in Figs. 5A, 7G, 10A and 12B).

7.3. Bi-gradational sequences: permanent or intermittent bottom
currents?

Cyprus represents an ancient sedimentary example of bi-gradational
sequences (Fig. 19) with bedforms recording higher velocity bottom
currents in the middle or upper part of packages I, Il and III (Fig. 20). The
bi-gradational contourite model defined from the middle slope of the
Gulf of Cadiz by Faugeres et al. (1984) and Gonthier et al. (1984) lacks,
however, sedimentary structures due to intense bioturbation (Rodri-
guez-Tovar and Hernandez-Molina, 2018). In Cyprus, contourites
clearly record sedimentary structures (horizontal laminations, ripples,
small dunes, etc.) in the middle or upper divisions of sequences despite
bioturbation and diagenetic alteration. Early diagenesis may have led to
rapid lithification that preserved original sedimentary structures for
units having high percentages (>90%) of carbonate bioclasts. Polar
margins are another setting where primary sedimentary structures are
well preserved, but in this case because environmental conditions do not
favour benthic activity (Rodrigues et al., 2022a).

The occurrence of bi-gradational contourite sequences in association
with other pelagic or turbidite deposits indicates intermittent bottom
currents affecting sections at meter scales. A thick sandy calcarenite bed
signals a vigorous bottom current whose flow strength fluctuated
irregularly. In modern contourite drifts with mixed siliciclastic-
bioclastic composition, full bi-gradational sequences point to cyclic
variation in the forcing variables, with periodicities ranging from 3,000
to 10,000 years (Brackenridge et al., 2018). These include millennial
scale precessional (orbital) and climatic variables (Sierro et al., 2020; de
Castro et al., 2021a; de Weger et al., 2021). Banding patterns in con-
tourite deposits within bi-gradational sequences represent relatively
shorter-term fluctuations in flow strength of bottom currents, inducing
regular changes in depositional processes during the accumulation of
calcarenite beds. Phases of flow acceleration caused the recurrence of
bed-load traction, with ripples and dune formation; and phases of flow
deceleration caused deposition of suspended sediment, which effectively
suppressed traction and induced draped lamination and grading. Con-
trolling mechanisms for short-term fluctuations in flow strength remain
unknown, although centennial fluctuations (Martorelli et al., 2021) and
deep tides (Shanmugam, 2006, 2014; Rebesco et al., 2014; de Weger
et al., 2021) have been suggested. In summary, the Cyprus contourites
record bottom currents that were neither permanent nor semi-
permanent. Bottom current circulation and associated paleo-
environmental conditions were instead intermittent at different scales,
and they could interact in a synchronised or unsynchronised manner
with other sedimentary processes, e.g., pelagic sedimentation or turbi-
dite flows.

7.4. Evolutionary stages

The closure of the Tethys Ocean due to convergence and northward-
dipping subduction of the African beneath the Eurasian plate affected
the study area (Fig. 22). This event induced the formation and subse-
quent obduction of the Troodos ophiolites during the Late Cretaceous,
its collision with the Mamonia Complex in the late Maastrichtian, and
the later establishment of a deep-marine setting with active deposition



S€

Fig. 21. Sketch of major Paleogene to Quaternary global changes, including climatic, sea level, palaeoceanographic and tectonic events. These events are correlated with regional stratigraphy around Cyprus, the
evolutionary stages for the studied deposits, the highlighted position of sandy contourite packages I, II and III, and the four packages of strata (P) within the latest Oligocene to middle Miocene deposits (inverted red
triangles). Global sea level records: 1) global sea level (in pink) from 0 to 7 Ma (Miller et al., 2020); 2) global sea level (dark blue dot line) from 7 to 56 Ma (Miller et al., 2020); 3) global sea level (dark blue continuous
line) from 7 to 65 Ma (Kominz et al., 2008), based on deep sea oxygen isotope records; 4) oxygen isotopic (in red) synthesis (Zachos et al., 2008; Cramer et al., 2011). The long-term major climatic changes and cooling
trend were punctuated by several global-scale climatic events and transitions including the Miocene Climatic Optimum (MCO), Middle Miocene Climate Transition (MMCT), Tortonian Thermal Maximum (TTM), Late
Miocene Cooling (LMC), and Pliocene Warm Period (PWP) (Eocene to late Miocene major climatic and palaeoceanographic changes and events synthesized from (by alphabetic order: Allen and Armstrong, 2008; Allen
and Armstrong, 2008; Bahr et al., 2022; Barker et al., 2002, 2007; Barron and Keller, 1982; Berra and Angiolini, 2014; Bianchi et al., 2012; Bijl et al., 2018; Billups and Schrag, 2002; Billups, 2002; Boyle et al., 2017;
Bryden and Kinder, 1991; Cande and Stock, 2004; Capella et al., 2017, 2019; CIESM, 2008; Cramer et al., 2011; Cramwinckel et al., 2018; de la Vara and Meijer, 2016; de Weger et al., 2020, 2021; Douglas et al., 2014;
Eagles and Jokat, 2014; Evangelinos et al., 2020; Exon et al., 2001, 2004; Flecker et al., 2015; Flower and Kennett, 1993; Galeotti et al., 2016; Hamon et al., 2013; Harzhauser et al., 2007; Hay, 2009; Herbert et al., 2016;
Hernandez-Molina et al., 2010, 2014, Hernandez-Molina et al., 2017b; Herold et al., 2008, 2012; Hodel et al., 2021; Hodell and Venz-Curtis, 2006; Holbourn et al., 2015; Houben et al., 2019; Hsii et al., 1973; Hiising
et al., 2009; Ivanovic et al., 2013; Karami et al., 2011; Kennett and Barker, 1990; Krijgsman et al., 1999; Lagabrielle et al., 2009; Lawver and Gahagan, 2003; Lear et al., 2015; Leutert et al., 2020; Levy et al., 2022,
Liebrand et al., 2017; Magyar et al., 1999; Maldonado et al., 2003, 2006, 2014; Martos et al., 2013; McKay et al., 2022; Meulenkamp and Sissingh, 2003; Modestou et al., 2020; Naish et al., 2001; Newkirk and Martin,
2009; Ng et al., 2021, 2022; Nisancioglu et al., 2003; Pekar and DeConto, 2006; Pérez et al., 2019, 2021; Pérez-Diaz and Eagles, 2017; Pfuhl and McCave, 2005; Popov et al., 2004; Reid, 1979; Renema et al., 2008;
Reuter et al., 2009; Rodrigues et al., 2021, 2022c; Rogerson et al., 2012; Rogl, 1998, 1999; Rosenbaum et al., 2002; Roveri et al., 2014; Salabarnada et al., 2018; Sangiorgi et al., 2018; Scher and Martin, 2006; Scher
et al., 2015; Scotese and Wright, 2018; Shevenell et al., 2004, Shevenell et al., 2008; Sijp et al., 2011; Stampli and Borel, 2002; Steininger and Wessely, 2000; Stickley et al., 2004; Straume et al., 2020; Super et al., 2018,
2020; Sykes et al., 1998; Thieblemont et al., 2019, Thiéblemont et al., 2020; Torfstein and Steinberg, 2020; Uenzelmann-Neben et al., 2017; Utescher et al., 2011; van de Lagemaat et al., 2021; Westerhold et al., 2020;
You, 2010; Zachos et al., 2001, 2008; and Zhang et al., 2013). Abbreviations in alphabetic order: ACC= Antarctic Circumpolar Current; AABW= Antarctic Bottom Water; BGMS= Base of the Glacial Margin Sequences;
BQ= Base of the Quaternary (2.6 Ma); CDW= Circumpolar Deep Water; EAIS= Eastern Antarctic Ice Sheet; LCDW= Lower Circumpolar Deep Water; MTDs= mass transport deposits; NADW= North Atlantic Deep Water;
NH= Northern Hemisphere; UCDW= Upper Circumpolar Deep Water; UU= Uplift Unconformity.
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Fig. 22. Paleo-reconstructions of Eocene (A), Oligocene (B), latest early Miocene (C), middle Miocene (D and E) and present day (F) for the Neotethys Ocean and
Mediterranean Sea, including regional distribution of surface, intermediate and deepwater masses, and the key opening and closure of gateways, especially for the
Indian and Atlantic Gateways (compilation based on Kahler and Stow, 1998; Rogl, 1998, 1999; Magyar et al., 1999; Millot, 1999, 2009; Steininger and Wessely,
2000; Stow et al., 2002b; Popov et al., 2004, 2006; Hiising et al., 2009; Karami et al., 2009; Herold et al., 2012; Hamon et al., 2013; de la Vara and Meijer, 2016).
Eocene finer-grained contourites developed in A, but the coarser (sandy) contourites packages were developed in B (package I, Chattian, late Oligocene); C (package
11, Aquitanian/Burdigalian, early Miocene); and D (Package III, Langhian, middle Miocene). Base maps after paleogeographic maps of Europe by Balaky and Tamar-
Agha, 2017 (Deep Time Maps™, https://deeptimemaps.com).
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Fig. 23. Long-term sedimentary variations, the packages of strata (P) with shallowing-upward trend and the shorter-term thickening upward sequences identified in
the studied sedimentary record at Cyprus, which determine a clear repetition in the sedimentary stacking pattern at different scales, where the onset and buried of
Contourites Depositional Systems (CDS) and the stratigraphic position of the sandier contourites deposits is not random (key references are included for further details
about the causes and implications on these variations are included for each case). The two long-term sedimentary variations, could be related to second-order of 26- to 36-
My cycles in Earth’s climate system coupling tectonic processes and episodic astronomical periods, which are typically modulated by shorter intervals of ~9-10 My
duration. Shorter cycles of about ~2.4/2.5 My correspond to long-period orbital parameters align with surface uplift due to plate interactions (subsidence, rift
activity, etc.) and small-scale convective flow in the upper mantle, modulated by ~9 to 10 My and 4.7 My astronomical cycles and lesser fluctuations of 1 to 0.8-0.9
My duration. Tectonic pulses of ~2.5 My induce sedimentary episodes through compressive-flexural stress, causing uplift/compression or active subsidence, and may
also be tied to uplift-denudation (Davisian-type) cycles of tectonic origin (sensu Mutti et al., 2009). These variations would generate shallowing-upward cycles in
which calcarenite deposits in upper strata coincide with compression, margin progradation and relative sea level fall caused by tectonic events, and enhanced bottom
currents that deposited sandier contourite packages. Deposition of sandy contourites may reflect compression and inversion caused by subduction, as proposed by
Schiller et al. (1994). Shorter-term thickening-upward sequences within contourite packages have been described previously in other deepwater setings, and they
may reflect margin progradation caused by eccentricity cycles, as proposed for other continental slopes dominated by contourite deposition. (Boulila et al., 2012;
Boulila et al., 2018; Boulila et al., 2020; Cloetingh et al., 1990; Cochran, 1990; Cogné and Humler, 2004; Coltice et al., 2013; Derbyshire, 1996; Hernandez-Molina
et al., 2016; Ikeda and Tada, 2013; Jones et al., 2012; Laskar et al., 2011; Liu, 2019; Llave et al., 2001; Lourens and Hilgen, 1997; Lovell, 2010; Maclennan and Lovell,
2002; Mather et al., 2020; Mestdagh, 2020; Mestdagh et al., 2019; Mjelde et al., 2010; Montadert et al., 2010; Praeg et al., 2005; Rampino et al., 2021; Rodriguez-
Tovar, 2014; Rudge et al., 2008; Van Rooij et al., 2003; Van Rooij et al., 2010; White and McKenzie, 1989; Whyte and Lovell, 1997; Zhang and Dong, 2020)

(Robertson and Xenophontos, 1993; Stampfli and Borel, 2002; Lapierre changes (Zachos et al., 2001; Hamon et al., 2013) (Figs. 21 and 22).
et al., 2007; Kinnaird, 2008; Robertson et al., 2012). The Eocene to late

Miocene sedimentary succession in Cyprus appears to record four main 7.4.1. Eocene to late Oligocene stage: Upper Lefkara Fm. and closure of the
evolutionary stages (a-d) related to the (plate tectonic) evolution of the Tethys Ocean

Indian Gateway (IG) and the exchange between the Indian and the Results from the Cyprus sections indicate that, from the Lutetian
Neotethys oceans (Figs. 21 and 22), the latter of which preceded the (~45 Ma, Eocene) to end of the Eocene (~33.9 Ma), the southern con-
Mediterranean Sea. The Indian Gateway influenced paleo-circulation tinental margin of the Troodos massif (Cyprus) experienced pelagic
and water mass stratification in the adjacent marine basins (de la Vara sedimentation simultaneously with fine grained contourite and turbidite
and Meijer, 2016) and triggered a series of global environmental deposition. The upper Lefkara Fm. records these processes. During that
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time, basin deposition consisted of distal and relatively deepwater
(lower slope) deposition by water masses flowing northwest (Fig. 22A).
Along-slope circulation would have generated an initial contourite
depositional system (CDS) with possible sheeted drifts made up mainly
of muddy contourites formed by a reworking of pelagic and fine grained
turbiditic deposits. Thus, homogenous material was deposited over
previous seafloor irregularities and older Cretaceous deposits (Rob-
ertson, 1976; Peybernes et al., 2005). Robertson (1977) proposed
gradual relative shallowing of the basin in a laterally continuous and
northeastward direction during the late Eocene. Shallower marine do-
mains became established, with sediment transport through low-density
NE to SW turbidite flows (Robertson, 1976). During the Oligocene, a
change in depositional style occurred with a rise in sea level. Widespread
deposition of marls buried and preserved the Eocene CDS. Similar marl
deposits appear regionally on continental slopes around the Mediterra-
nean (e.g., Rogl, 1998, 1999; Hawie et al., 2013). By the beginning of the
Oligocene, new climate conditions induced a shift from more siliceous to
calcareous organisms, entailing extinction of the former (radiolaria) and
preservation of the latter by a deeper CCD (Molina et al., 1993).

During the Eocene, the tectonic setting became regionally compres-
sional, but remained relatively quiescent due to low velocity subduction
(Eaton and Robertson, 1993; Calon et al., 2005; Robertson et al., 2012).
Slope basin formation during subduction processes explains local
normal faults as well as evidence of occasional synsedimentary insta-
bility in the form of MTDs, including slumps and debrites (Fig. 21).
Symeou et al. (2018) described coeval normal faults offshore Cyprus.
The relative quiescent tectonic setting occurred after a complex period
during which the Troodos plate was rotated and strongly deformed in
late Cretaceous and into early Eocene time (Clube and Robertson, 1986).
By the late Eocene, maximum stress fields changed from NW-SE to N-S
coeval with the separation of the African and Arabian plates, the Dead
Sea Transform Fault began its displacement, and collision between the
Kyrenia Range and Troodos ophiolites began (Robertson and Woodcock,
1986; Papadimitrioua et al., 2018).

At this stage, the Neotethys Ocean was connected to and exchanged
water with both the Atlantic and Indian oceans (Rogl, 1998; Rogl, 1999;
Meulenkamp and Sissingh, 2003; Reuter et al., 2009). Water mass ex-
change was dominated by westward and northwestward flow of the
circum-equatorial current (Fig. 22A) or the so-called Tethys Circum
Global Current (Butzin et al., 2011; Krapp and Jungclaus, 2011; Herold
et al., 2012). This flow prevailed until the late Oligocene (Rogl, 1999;
Hay, 2009). Within this paleoceanographic framework, the middle to
late Eocene onset of contourites in the Eocene represents bottom cur-
rents enhanced by a new and persistent deepwater current circulation
accompanied by a shallowing-upward trend. These long-term changes
occurred coevally with a decline in the global mean temperature from
29°C to 19°C from the early to the late Eocene (Cramwinckel et al.,
2018). Similar changes in Eocene paleo-circulation have been reported
from other marine basins such as the North Atlantic, where the onset of
enhanced deepwater circulation from ~49 to 47 Ma formed contourite
drifts below ~4000 m water depths (Boyle et al., 2017; Bahr et al.,
2022). Some researchers interpret this shift in paleoceanographic cir-
culation as having occurred due to the separation of Antarctica from
Australia (~50 Ma ago) and the formation of the Antarctic water masses
(e.g., the proto-Antarctic Bottom Water) (Boyle et al., 2017; Pérez-Diaz
and Eagles, 2017; Rodrigues et al., 2022c). The important change in the
depositional style with the burial of the Eocene CDS by the end of the
Eocene (Fig. 21) is coeval with an important shift in global climatic
conditions from an ice-free greenhouse state to a state of persistent ice
coverage (Galeotti et al., 2016; Westerhold et al., 2020). The very weak
circulation of the Tethys Circum Global Current (and the equatorial
seaway) during the Oligocene is coincident with the development of the
circum-Antarctic circulation system (the proto-Antarctic Circumpolar
Current, proto-ACC) and the final onset of the AABW (Fig. 21) after the
opening of the Drake Passage / Scotia Sea and the Tasmanian Gateway
(Kennett, 1982; Scher and Martin, 2006; Sijp et al., 2011; Douglas et al.,
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2014; Galeotti et al., 2016; Houben et al., 2019; Straume et al., 2020;
Bahr et al., 2022).

7.4.2. Late Oligocene to early Miocene: Pakhna Fm. and Indian Gateway
restrictions

A second stage began in the latest Oligocene / Aquitanian and lasted
into the late Burdigalian (early Miocene 17 — 15.9 Ma). Results described
here indicate a shift in sedimentary style and tectonic setting. The
changes led to the development of turbidites, MTDs, and coarser-grained
contourites in a background of pelagic/hemipelagic sedimentation.
These diachronous events are recorded in the lower Pakhna Fm.

The erosive, latest Oligocene to early Miocene basal boundary and
periodic occurrence of MTDs indicate successive compressional pulses
and general sedimentary instability in the wake of the latest Oligocene /
early Miocene. A similar hiatus has been identified offshore in the
eastern Mediterranean, coeval with a shift in the maximum regional
tectonic stress field from NW-SE to N-S (Hawie et al., 2013; Papadimi-
trioua et al., 2018). This shift reflects: a) the onset of the collision be-
tween the African and Eurasian plates in the late Oligocene, b) the
separation of the African and Arabian plates, plus the initiation of the
Dead Sea Transform Zone, c) northward-dipping active subduction
along the Cyprus Arc System, and d) regional uplift and deformation of
the Troodos Massif (Dercourt et al., 1986; Robertson and Woodcock,
1986; Rogl, 1998; Rogl, 1999; Robertson, 1990; Eaton and Robertson,
1993; Brew et al., 2001; Edwards et al., 2010; Nader, 2011; Papadimi-
trioua et al., 2018; Symeou et al., 2018).

Local expressions of these tectonic events along the southern conti-
nental margin of the Troodos Massif are referred to as the Politiko tec-
tonic events. They restructured southerly areas of the massif and
previous margin and induced erosion of both the WNW-ESE Yerasa fold
and thrust belt lineament (Morel, 1960) and the Akrotiri high (Rob-
ertson, 1976). Restructuring of the margin caused segmentation of the
slope into a number of local highs and sub-basins (Fig. 21). In turn, they
determined locations for Miocene sedimentary depocenters within the
new compressional regime. The Yerasa lineament thereafter separated
the Maroni sub-basin in the east from the Khalassa sub-basin in the west.
The Petra Tou Romiou, Agios Konstantinos, and Korfi sections were
confined to the Maroni sub-basin, while the Kalavasos section became
part of the adjacent eastward Khalassa sub-basin (Eaton and Robertson,
1993). The E-W trending Akrotiri high bounded the new sub-basins to
the south (McCaltum, 1989). At local scales, isolated highs, shelves, and
coral reefs (Terra Member) formed due to these events (Follows, 1992).

At this time, the southern continental margin of the Troodos Massif
had begun prograding basinward, developing an increasing slope
gradient (Robertson et al., 1991). This coincided with a general shal-
lowing upward of sedimentary trends and a global sea level fall. Sandy
contourite packages I and II (Fig. 21) formed during this time owing to
bottom currents —occasionally enhanced— flowing SE, and higher
sediment supply.

At the beginning of this stage, the Neotethys Ocean remained con-
nected (Fig. 22B and C) to both the Atlantic and Indian oceans (Rogl,
1998, 1999; Meulenkamp and Sissingh, 2003; Reuter et al., 2009). By
the latest Oligocene, a new circulation regime became established
(Fig. 22B) through the Indian Gateway (Allen and Armstrong, 2008;
Herold et al., 2008, 2012; Hamon et al., 2013; Bahr et al., 2022). It
included: a) a superficial (0-500 m wd) water mass flowing north to
westward from the Indian Ocean into the Neotethys, b) an intermediate
(500-2500 m wd) water mass referred to as the Tethyan Indian Saline
water (TISW) circulating southeastward as warm and salty water flow-
ing from the Neotethys toward the Indian Ocean, and c) a deepwater
mass (>2500 m wd). In contrast to present dynamics (Figs. 22 and
Fig. S3), surface water from the Neotethys flowed toward the Atlantic,
whereas deeper water flowed eastward from the Atlantic towards the
Neotethys (Rogl, 1998, 1999; Hamon et al., 2013; de la Vara and Meijer,
2016). The early Miocene is marked by a major transition in global
climate, from the relatively warm conditions of the late Oligocene to
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generally cooler climates (Fig. 21) that persisted through most of the
Neogene (Zachos et al., 2001; Cramer et al., 2011; Zhang et al., 2013;
Super et al., 2018; Miller et al., 2020; Super et al., 2020; Naish et al.,
2001). During the early Miocene, the Indian Gateway became shallower
due to the collision of the Arabian and Eurasian plates. This triggered
intensification of water mass exchange and gave rise to severe changes
in the water mass properties of the Neotethys (de la Vara and Meijer,
2016). An open connection through the Indian Gateway became very
shallow and even closed (Fig. 22C and Fig. S3) during a short period in
the late Burdigalian, reopening later during the Langhian (middle
Miocene, Fig. 22D) (Rogl, 1998).

7.4.3. The middle Miocene: transgression, reconnection and deepening

After the previous stage, the marly/muddy interval described within
the Pakhna Fm. between contouritic packages II and III formed during
the early Langhian (middle Miocene, 15.9 — 13.8 Ma). Another pulse of
margin progradation, sedimentation and development of turbidites,
MTDs and coarser-grained contourites (package III) occurred against a
background of pelagic/hemipelagic sedimentation (Fig. 20).This new
period of sedimentary instability coincides with gradual shallowing and
emergence of the Troodos Massif (Robertson, 1977). The deposition of
package III represents another period of enhanced bottom currents
flowing predominantly towards the SE, with water column stratification
and in a water mass circulation configuration similar to those prevailing
in the early Miocene.

This evolutionary stage followed the relatively cool climate of the
earliest Miocene (Fig. 21). The global climate then entered one of the
warmest intervals (Miocene Climatic Optimum, 17 to 14.8 Ma) of the
past 35 million years (Flower and Kennett, 1993; Utescher et al., 2011)
coeval with a global transgression trend (Zachos et al., 2001; You,
2010). It ended at ~14.8 Ma with the onset of cooling and glacial
expansion through the middle Miocene (Super et al., 2018; Leutert et al.,
2020). Ocean circulation also changed during this time (Shevenell et al.,
2008) because of: a) constriction of the Tethys ocean (Hamon et al.,
2013); b) final modern ACC formation (11 Ma), and c) vigorous,
widespread deepwater currents associated with Southern Component
Water (Maldonado et al., 2003; Bijl et al., 2018; Salabarnada et al.,
2018; Sangiorgi et al., 2018; Pérez et al., 2019, 2021; Evangelinos et al.,
2020). Contourite formation occurred during this stage as a consequence
of the re-establishment of circulation in the wake of the reconnection of
the Neotethys with the Indian Ocean through the Indian Gateway
(Fig. 22D) from the Langhian to the beginning of the Serravallian (Rogl,
1998, 1999; Magyar et al., 1999; Steininger and Wessely, 2000; Meu-
lenkamp and Sissingh, 2003; Popov et al., 2004; Reuter et al., 2009). The
relative movement among Eurasian, African and Arabic plates made
oceanic reconnection possible (Rosenbaum et al., 2002; Stampli and
Borel, 2002; Hay, 2009; Berra and Angiolini, 2014). The identified in-
tervals containing calcareous dinoflagellates from shallower, less
salinity depositional settings suggest a transition to a new surface cir-
culation model, wherein surface water from the Atlantic flowed toward
the Neotethys coeval with Indian Gateway closure.

7.4.4. Middle to late Miocene: Indian Gateway closure and the inception of
the Mediterranean Sea

This stage occurred during the early Serravallian and earlier Torto-
nian (middle Miocene, around 13.8-11 Ma). Results reveal a remarkable
shift in sedimentary style during the Serravallian, with additional marl
deposition that buried the late Oligocene to middle Miocene CDS
observed in the onshore Cyprus section (Fig. 21). A visible shift in li-
thologies and colour to yellowish marls / reddish calcilutites, with light
grey calcilutites and occasional calcarenites, marks the beginning of this
stage. Eaton and Robertson (1993) described similar lithological
changes in other localities around Cyprus. Deposition occurred during a
marine transgression and significant subsidence; it ended with pro-
gressive shallowing in the late Tortonian to Messinian. Local coral reef
(Koronia Member) development took place around highs and tectonic
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blocks influenced by local structures (Follows, 1992; Eaton and Rob-
ertson, 1993).

A change in sedimentary style accompanied widespread emergence
of the Troodos Massif during the middle Miocene (Robertson, 1977,
1990; Eaton and Robertson, 1993) along with a relative N-S to NW-SE
shift in plate motion between Africa and Eurasia (Jolivet et al., 2006).
This culminated in late Tortonian deformation in the upper Pakhna Fm.
(Symeou et al., 2018). The Episkopi tectonic event is the name given to
local expression of these tectonic events along the southern continental
margin of the Troodos Massif. It involved a new regional compressional
regime, which triggered massive MTDs south of the Troodos during
collision and emplacement of the Kyrenia Range (Robertson, 1977;
Eaton and Robertson, 1993; Lord et al., 2009; Papadimitrioua et al.,
2018; Chen et al., 2019) and the collision of the Eratosthenes Seamount
with the Cyprus Arc System (Papadimitrioua et al., 2018).

Final closure of the Indian Gateway (Fig. 22E) indicates the end of
the Neotethys Ocean and inception of the Mediterranean Sea (Fig. 22E
and F) between the Serravallian and early Tortonian, i.e., from ~ 13.8 to
11 Ma (Rogl, 1998, 1999; Popov et al., 2004; Harzhauser et al., 2007;
Hiising et al., 2009; Hamon et al., 2013; de la Vara and Meijer, 2016).
Final closure conditioned: a) global scale changes in oceanic circulation
due to termination of equatorial westward circulation (Reid, 1979;
Bryden and Kinder, 1991; Torfstein and Steinberg, 2020), b) a wide
gateway connection between the Mediterranean Sea and the Atlantic
(Capella et al., 2017, 2019), c) a greater role for the Atlantic Ocean in
Mediterranean oceanographic processes, with full establishment of an
anti-estuarine circulation (Figs. 22E and Fig. S3) similar to the present
(Hamon et al., 2013; de la Vara and Meijer, 2016), d) cooling and a
salinity increase in the Mediterranean Sea (Karami et al., 2011), e)
sourcing of Mediterranean water for warm and saline intermediate
waters strengthening both the NADW and AMOC in the Atlantic Ocean
(Ivanovic et al., 2013), f) spreading of cooler, fresh Indian water to
depths of 3000 m within the Indian Ocean and south towards the
Southern Ocean, coeval with ice sheet expansion in the Antarctic
(Hamon et al., 2013), g) ecosystem and marine life redistribution
(Renema et al., 2008; Bianchi et al., 2012), and h) increased carbon and
silica burial in the region (Allen and Armstrong, 2008). These changes in
ocean circulation coincided with the onset of global cooling (Fig. 21)
from the middle Miocene ‘warm house’ to more recent ‘icehouse’ cli-
mates (Westerhold et al., 2020).

Middle and late Miocene convergence between Africa and Eurasia
caused westward displacement of the Alboran (micro) plate to form the
Gibraltar Arc (Vergés and Fernandez, 2012). Disruption of the connec-
tion between the Mediterranean Sea and the Atlantic led the Mediter-
ranean to become a marginal sea (Flecker et al., 2015). Between ~ 11.6
and 7.2 Ma, following the convergent phase, two main corridors formed
south of Spain (Betic) and north of Morocco (Rifean) to allow MOW
overflow into the Atlantic (Capella et al., 2017, 2019; Krijgsman et al.,
1999; de Weger et al., 2020, 2021; Ng et al., 2021, 2022). During the late
Messinian, shallowing/closure of these corridors produced the Messi-
nian Salinity Crisis (MSC) between 5.97 and 5.33 Ma, and associated late
Miocene cooling (Hsii et al., 1973; CIESM, 2008; Roveri et al., 2014;
Flecker et al., 2015; Herbert et al., 2016; Krijgsman et al., 1999). By the
end of the Miocene, the connection between the Mediterranean Sea and
the Atlantic Ocean was re-established through the Strait of Gibraltar
(Rogerson et al., 2012; Krijgsman et al., 1999), which allowed for
relatively rapid warming of ~ 3°C to 4°C around middle latitudes in the
early Pliocene (Herbert et al., 2016).

7.5. Conceptual implications

7.5.1. Sedimentological implications: diagnostic criteria for contourites,
reworked turbidites, turbidites and pelagites

Detailed sedimentologic analysis has provided some criteria for
discriminating facies-scale bottom current deposits from turbidites or
other deepwater pelagic deposits. Specific contourite sedimentary facies
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have been described by a number of studies (e.g., Stow and Lovell, 1979;
Stow, 1982; Stow and Holbrook, 1984; Stow and Piper, 1984; Pickering
et al., 1989; Faugeres and Stow, 1993; Gao et al., 1998; Faugeres et al.,
1999; Stow et al., 2002a, 2013a, 2013b; Rebesco, 2005; Llave et al.,
2006; Qvrebg et al., 2006; Shanmugam, 2006, 2012; Shanmugam, 2014;
Stow and Faugeres, 2008; Stow et al., 2013a, 2013b; Rebesco et al.,
2014; de Castro et al., 2020, 2021a, 2021b; Stow and Smillie, 2020; de
Weger et al., 2021; Hiineke et al., 2021; Rodrigues et al., 2022a). Recent
research proposes new diagnostic criteria for contouritic sedimentary
facies (Alonso et al., 2016; Brackenridge et al., 2018; Rodriguez-Tovar
and Hernandez-Molina, 2018; de Castro et al., 2020, 2021a, 2021b;
Stow and Smillie, 2020; Yu et al., 2020; de Weger et al., 2021; Hiineke
et al., 2021; Rodriguez-Tovar, 2022) based on statistical analyses (as
Principal Component Analysis, PCA) of texture, microfacies, ichno-
logical features and geochemical data (X-ray fluorescence, XRF).

The main diagnostic criteria for discriminating ancient contourite
deposits applied in this work can be summarized in terms of evidence of:
sedimentary condensation (sensu Follmi, 2016), reworking, reactivation
surfaces, smaller grain-size variations, small-scale hiatuses, sedimentary
condensation/omission, variations in sedimentary processes (bed load
versus suspension load), current velocity, sedimentation rates, and
paleo-environmental conditions. Such criteria have been proposed and
evaluated by numerous reports (McCave, 2008; Stow et al., 2008;
Rebesco et al., 2014; Rodriguez-Tovar et al., 2019a, 2019b; de Castro
et al., 2020, 2021a, 2021b; de Weger et al., 2021; Hiineke et al., 2021;
Rodrigues et al., 2022a). More specific diagnostic criteria include: a)
particles representing bioclasts from skeletons of planktonic biota
recycled from deep-marine pelagic muds, b) bands of coarser grainstone
with higher concentration and/or reworking of foraminifera (and other
bioclast types) within calcarenite beds, ¢) muddy contourites varying
from mud-supported (wackestones) to grain-supported (packstones) and
back again, d) intensely, pervasively bioturbated contourite beds with
indistinct boundaries, e) mud-rich (packstone) and heterogeneous
middle parts of particle-supported contourite beds relative to particle-
supported lower parts of turbidite beds (globigerinid grainstones), and
f) wavy layering in sandy contourites with local faint lamination or
parallel- and cross-lamination (traction sedimentary structures) char-
acterised by layer-specific proportions of bioclasts.

Two primary conceptual frameworks have emerged in the charac-
terisation and identification of contourites. The first focuses on the
presence and abundance of bioturbation (Gonthier et al., 1984), and the
second focuses on primary sedimentary structures as a basic criterion for
contourite recognition (Shanmugam et al., 1993a, 1993b; Shanmugam,
2000; Martin-Chivelet et al., 2003, 2008). The two different approaches
(Stow versus Shanmugam) arose because researchers were addressing
fine-grained contourite deposits within drifts as well as sandier parts of
contourite and mixed depositional systems. A pragmatic approach
would apply each of these frameworks to different systems, depending
on research objectives. Cases like the present study suggest that primary
sedimentary processes should receive priority over secondary processes
such as biological activity. Ichnological features (Wetzel et al., 2008;
Rodriguez-Tovar and Herndndez-Molina, 2018; Miguez-Salas and
Rodriguez-Tovar, 2019a, 2019b, 2021; Rodriguez-Tovar et al., 2019a,
2019b) and key microfacies (de Castro et al., 2020; de Castro et al.,
2021a, 2021b; Yu et al., 2020; Hiineke et al., 2021; de Weger et al.,
2021) can also confirm contouritic processes.

The main evidence used to discriminate bottom-current reworked
turbidites (BCRS) in this work are: a) their presence in upper parts of the
turbidite intervals, b) lamination and repeated inverse-to-normal
grading within layers, and c) poorer sorting and declining proportions
of shallow-water bioclasts layer by layer. Stanley (1987, 1988) defined
turbidites reworked by bottom currents. Shanmugam et al. (1993a,
1993b) proposed criteria based on a turbidite-dominated, mixed system
in the Gulf of Mexico, where contouritic reworking of sediment mainly
took place between turbidite channels within the slope. The sandy
contourites described in these studies consist of discretely rippled and
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well-sorted, very fine to fine-grained sand layers. They are referred to as
bottom-current reworked sands (BCRS). Shanmugam et al. (1993a,
1993b) asserted that the term BCRS is preferable to that of sandy con-
tourite (Stow and Lovell, 1979; Gonthier et al., 1984) because it dis-
tinguishes the former phenomena from more conventional sandy
contourites. Bioturbation is not considered a diagnostic criterion for
BCRS. Recent studies further define BCRS as formed by partial, near-
source reworking of a non-contouritic deposit by a bottom current (de
Castro et al., 2020, 2021a, 2021b). Partial reworking of a turbidite di-
vision (usually the top) with only minor sediment transport would
qualify as BCRS. They may or may not include a component of lateral
displacement, and usually appear in a contourite drift environment, for
example in the channel-drift transition (de Castro et al., 2020, 2021a; de
Weger et al., 2021), or in mixed levee-drift systems (Shanmugam et al.,
1993a, 1993b; Fonnesu et al., 2020; Fuhrmann et al., 2020; Rodrigues
et al., 2022a, 2022b). Mutti et al. (2014) defined a facies association
similar to BCRS in which genetically distinct processes (turbidity cur-
rents and bottom currents) produce vertically and laterally associated
facies. Most of these reworked sands show only minor bioturbation, but
Planolites is usually present. The bioturbation is concentrated along
upper surfaces. Signs of reworking at the top indicate bottom currents
affecting some turbidites after deposition (Stanley, 1987, 1988, 1993; de
Castro et al., 2020, 2021a; Miguez-Salas and Rodriguez-Tovar, 2021).
Complete reworking of the whole bed —or cases where eroded turbidite
beds only appear in burrow fills below the erosional surface— confirm
this (Rodriguez-Tovar et al., 2019a).

Many authors have described the general sedimentological charac-
teristics of turbidites (e.g., Bouma, 1962; Stow and Shanmugam, 1980;
Lowe, 1982; Mutti, 1992, 2011; Mulder, 2011) and low density turbi-
dites (Lowe, 1982; Postma, 1986; Stanley, 1987, 1988, 1993; de Castro
et al., 2020, 2021a; de Weger et al., 2021; Hiineke et al., 2021). The
main diagnostic criteria for their identification in this work are: a)
generally sharp-based beds, b) general normal grading visible in out-
crops or based on microfacies as a clear trend from particle-supported
textures (grainstones) to mud-supported textures (wackestones), c)
massive lower part or intervals from the Bouma sequence, d) preserva-
tion of well-defined lamination (parallel- and cross-lamination), e)
intensively bioturbated tops (with increasing homogenization towards
the top), f) particles sourced from shallow marine environments (as
indicated by benthic bioclasts), and g) embedded planktonic bioclasts
(partially) incorporated by seabed erosion due to the erosive capacity of
the density flow.

Previous research has established sedimentological characteristics
for pelagic or hemipelagic deposits (Hesse, 1975; O’Brien et al., 1980;
Stow and Tabrez, 1998; Hiineke and Henrich, 2011; Pickering and
Hiscott, 2016). In modern and ancient sedimentary records, where these
deposits interstratify with low-density turbiditic and finer-grained bot-
tom current deposits (Stow and Smillie, 2020; de Castro et al., 2021a; de
Weger et al., 2021). The diagnostic criteria for discriminating pelagic/
hemipelagic deposits from muddy contourites include: a) consistent
concentration of bioclasts (forams) in particular lamina, b) extensive
bioturbation, and c) shells empty or filled with mud that matches the
overall matrix. If sediment infill differs from the surrounding matrix,
these allochthonous bioclasts then indicate reworking and re-deposition
by the influence of weak bottom currents as previously reported by
Hiineke et al. (2021).

7.5.2. Implications for energy geosciences

Deepwater deposits have received increasing interest due to their
petroleum and carbon storage potential. Sandy contourites and
reworked turbidites can serve as deepwater reservoirs and contribute to
potential plays (Viana et al., 2007; Viana, 2008; Mutti and Carminatti,
2012; Shanmugam, 2012; Shanmugam, 2006; Shanmugam, 2017; Mutti
et al.,, 2014; Fonnesu et al., 2020) since they often exhibit the petro-
physical characteristics of high porosity, high permeability (Yu et al.,
2020) and good lateral and vertical transmissibility of fluids (Viana,
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2008; Shanmugam, 2012). In fact, new deepwater gas discovery in 2022
in the Guajira margin offshore Colombia (Uchuva-1, Tayrona Block) are
in a very similar basin slope setting in the upper plate of an active
margin (Leslie and Mann, 2020; Vence and Mann, 2020) and deep water
deposits compared with studied outcrops onshore Cyprus.

The deposits described here are a good analogue for sandy con-
tourites that attain 30-40 m thicknesses and offer a porous and perme-
able medium in deep-marine deposits. Units are composed almost
entirely of planktonic forams and give primary porosities of 10 - 14%,
permeability of 190 md, and net-to-gross (NTG) of 26/130 m at Petra
Tou Romiou. These values exceed the ones measured from average post-
diagenetic carbonates (Choquette and Pray, 1970). Diagenetic processes
of compaction and cementation reduce primary porosity, but fracturing,
dissolution, recrystallisation and fluid migration create secondary
porosity and permeability, which give augmented porosity of up to 21%
at Agios Konstantinos (NTG of 28/70 m). Such values would allow the
units to serve as reservoirs with good fluid mobility. Similar sandy
contourite deposits in Indonesia have intervals with a porosity of 30-
45% and 100-1000 md permeability (Schiller et al., 1994). Reworked
turbidites containing more homogenous sands could give higher
porosity than classical turbidites, owing to the redistribution of finer
particles as a result of bottom current action. Moreover, in the studied
sections, applications of techniques such as X-ray micro-computed to-
mography (Micro-CT), mercury intrusion porosimetry, and analysis of
impregnated thin sections have served to reveal the impact of ichno-
logical feaures on rock properties (e.g., porosity and permeability),
particularly in contourites (Dorador et al., 2021; Miguez-Salas et al.,
2021, 2022; Rodriguez-Tovar et al., 2021).

8. Conclusions

Outcrops from Cyprus offer a unique example of ancient carbonate
contourites. Formed from the late Eocene to the middle Miocene, these
finer- and coarser-grained deposits interstratify with pelagic/hemi-
pelagic, turbidite and mass-transports deposits (MTDs). Deepwater de-
posits developed along a basin slope located in the upper plate of an
active margin as it transitioned from an initial wide basin to a series of
shallower, segmented sub-basins in a complex compressional setting.
The basin underwent tectonic pulses over different time scales related to
regional compressive-flexural stress fields and external environmental
processes (sea level, climate and oceanic circulation) over time. These
factors influenced long-term sedimentary variations, packages of strata
(P) with shallowing-upward trend and shorter-term thickening upward
sequences, which determine a clear repetition in the sedimentary
stacking pattern, where the onset and buried of Contourites Depositional
Systems and the stratigraphic position of the sandier contourites de-
posits is not random.

Two long-term contourite depositional systems developed. An
Eocene system consists primarily of finer-grained contourites, while a
late Oligocene to middle Miocene system was dominated by coarser-
grained contourites. Both systems are buried by extensive marl de-
posits that record variation in deep (circulating NW) and intermediate
(circulating SE) water masses, respectively, because of plate tectonics
that conditioned the enhancement of subduction processes south of
Cyprus and the evolving exchange between the Neotethys Ocean and the
Indian and Atlantic oceans until the final closure of the Indian Gateway
in the middle Miocene. This closure coincided with the emergence of the
Troodos Massif, the collision and emplacement of the Kyrenia Range by
the Troodos Massif, and the collision of the Eratosthenes Seamount with
the Cyprus Arc System. Following these events, contourite deposition
ceased. A new circulation regime was established with the final incep-
tion of the Mediterranean Sea.

Contourites represent bi-gradational sequences that normally appear
in association with contourite drifts, the asymmetric top-cut sequences
being characteristic of plastered drift and contourite terraces. The
presence of plastered drift in the offshore basins north of the subduction
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zone might support a similar depositional environment during the
Eocene to early Miocene during to regional uplift, while continuation of
more local uplift by Troodos diverge their evolution during later parts of
the Miocene. The coarser (sandy) contourites formed during the latest
Oligocene to middle Miocene are divided into three packages: package I
is Chattian (late Oligocene), package II is Aquitanian/Burdigalian (early
Miocene), and package III is Langhian (middle Miocene). Contourites
evidencing enhanced bottom current episodes towards the top of the
packages are buried by later extensive marl deposits. Sandy contourites
thus appear to have formed during compressive phases with subsequent
finer-grained sedimentation during the flexural phases. Coevally to
these pulses, turbidites and MTDs developed during compressional
phases. In conjunction with pelagic/hemipelagic processes, they provide
the sediment supply for the contourite deposits after winnowing and
reworking.

The diagnostic criteria for discriminating ancient bottom current
deposits from other deepwater deposits in the ancient record includes
sedimentary condensation, reworking, reactivation surfaces, smaller
grain-size variations, small-scale hiatuses, and omission surfaces. All of
these vary depending on current velocity, sedimentation rate, and
paleoenvironmental conditions. The results described here highlight the
importance of primary sedimentary structures, microfacies and ichno-
logical features as the best diagnostic criteria for discriminating con-
tourites and reworked turbidites at the sedimentary facies scale.
Deepwater sandy contourites (with ripples and occasional sandy dunes)
are a result of the reworking of pelagic/hemipelagic deposits or turbi-
dites. Such deposits reach 30-40 m in thickness and can have petro-
physical properties making them relevant as reservoirs in the context of
energy geosciences.

This work documents the role of plate tectonics and the evolution of
oceanic gateways in driving paleo-oceanic circulation, which in turn
influenced sedimentary processes, shaping oceanic basins and conti-
nental margins. Our research can facilitate interpretations of other
present day or ancient deepwater continental margins. Future high-
resolution analysis may fine-tune the description and interpretation of
deepwater systems and the role of contourites during their evolution. As
such, contourites can record and help determine local, regional and
global environmental processes, including —but not limited to—
oceanic circulation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gloplacha.2022.103983.
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