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Abstract: The artificial Corinth Canal connects the Aegean Sea with the Corinth Gulf, and displays high steep
walls that enable the study of the sedimentological structure of this area. A former strait naturally connecting the
gulf with the Aegean Sea is assumed to have existed in this area. Therefore, this exceptionally well-exposed site
could be used as an analogue to study tidal straits after its stratigraphic architecture, sedimentology and structure
have been defined. To do so, we used field observations associated with a 3D model built using drone imaging.
We document a strait divided into a central zone and two adjacent dune-bedded strait zones. The centre is an
active horst where sediment bypass occurred. On both sides of this, opposite-dipping conglomeratic dunes
are represented by simple- and compound-dune foreset architectures with multiscale asymmetrical herringbone
cross-stratifications. These observations document a tidal strait with conglomeratic dune-bedded strait zones in
a micro-tidal context. These c. 300 ka strait deposits are the only ones preserved in the canal area. After dep-
osition ended, this connection disappeared due to regional uplift and the offset of the Kalamaki—Isthmia
Fault. This palaeostrait helps to improve our understanding of Middle-Late Pleistocene palacogeography
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and the structural controls on sea connections.

Straits are crucial to the evolution of sedimentary
basins because they control the connection between
adjacent basins. Depending on the depth of the sill,
the isolated basin may experience dramatic changes
in its environment in terms of water, sediments and
biotas due to glacio-eustatic variations (Nicholls
and Russell 1990; Aberhan 2002; Guerra-Garcia
et al. 2009; Krijgsman et al. 2018). Moreover, the
sill depth is sensitive to vertical motion linked to
faults or regional uplift. In the case of rift basins, it
is almost impossible to preserve the sill area due to
tectonic activity and erosion. The location and per-
sistence of these connections are often suggested in
basin evolution but are rarely documented due to
their ephemeral nature. As a result, their sedimento-
logical processes are undercharacterized.

Indeed, even though present-day tidal strait stud-
ies allow a picture of the tidal hydrological and sed-
imentological dynamics to be captured, studies
based on outcrops and subsurface data are crucial
in extending the limitations of human timescale
observations and for considering the long-term geo-
logical timescale (Longhitano and Chiarella 2020).
To achieve this goal, we have studied the Corinth
Canal, which is presently located between the Cor-
inth Gulf and the Aegean Sea in Greece (Fig. 1).
This 6.4 km-long and c. 21 m-wide canal, dug in
1893, cuts the Isthmus of Corinth and separates the
Peloponnese from the Greek mainland. Its steep
walls crop out up to 80 m high in the central part

and constitute a basin-scale Pleistocene geological
cross-section in the active Corinth Rift.

In this paper we investigate the Corinth Canal
sections using sedimentological field observations
combined with a 3D photogrammetric model to
combine the facies and basin scales. These data
enable us to highlight and quantify the stratigraphic
architecture, sedimentology and structure of the Cor-
inth Canal area during the Pleistocene.

Geological setting

The Corinth Rift (Greece) is the most active Euro-
pean rift, with a present-day extension rate of 1.5
cma~! (Briole er al. 2000). The Corinth Rift is
opening the narrow deep Corinth Gulf (120 km
long, 40 km wide and 900 m deep), and separates
the Greek mainland to the north from the Pelopon-
nese to the south (Fig. 1). The evolution of the Cor-
inth Rift is rather well constrained (Ori 1989; Taylor
et al. 2011; Ford et al. 2013; Nixon et al. 2016;
Rohais and Moretti 2017; Gawthorpe et al. 2018;
McNeill et al. 2019) and can be divided into three
phases (Rohais e al. 2007): (1) an initiation phase
dominated by a small extension, and a continental
and lacustrine sedimentation called ‘the Lower
Group’; (2) an increase in fault activity associated
with the connection of the basins, leading to a tran-
sition from deep-water lacustrine sedimentation to a

From: Rossi, V. M., Longhitano, S., Olariu, C. and Chiocci, F. (eds) Straits and Seaways: Controls, Processes and
Implications in Modern and Ancient Systems. Geological Society, London, Special Publications, 523,

https://doi.org/10.1144/SP523-2021-143

© 2022 The Author(s). Published by The Geological Society of London. All rights reserved.
For permissions: http: //www.geolsoc.org.uk /permissions. Publishing disclaimer: www.geolsoc.org.uk/pub_ethics


http://crossmark.crossref.org/dialog/?doi=10.1144/SP523-2021-143&domain=pdf
http://orcid.org/0000-0002-3153-5820
http://orcid.org/0000-0001-9627-0432
http://orcid.org/0000-0001-6381-1415
mailto:romain.rubi@uliege.be
https://doi.org/10.1144/SP523-2021-143?ref=pdf&rel=cite-as&jav=VoR
https://doi.org/10.1144/SP523-2021-143?ref=pdf&rel=cite-as&jav=VoR
http://www.geolsoc.org.uk/permissions
http://www.geolsoc.org.uk/permissions
http://www.geolsoc.org.uk/pub_ethics
http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on May 9, 2022

B. Caterina et al.

Legends

== Tidal currents (~300ka)

[ Conglomeratic Tidal Dunes (~300 ka)
Dunes from Collier and Thompson (1991)
[ Linear

[ Transverse

Shorelines from Roberts et al. (2009)
w125 ka

240 ka

w340 ka

Marine Terraces from de Gelder et al. (2019)
m New Corinthe II (123.5ka)

7] 0ld Corinthe II (240ka)

7] Temple II (326ka)

Rift Basement

[ carbonate

[] Ophiolites and Carbonates
M Regional Fault

W Secondary Faults

/' Determined ages

DEM (m)

[ ] <600

7] 60.0-75.0
[ 75.0-100.0
I 100.0-190.0
Il >1900

Rion
Strait
Q

d Dart 1991)
0\

4

o
3‘4;‘@\)

— | e
&)
N

== 2
38
{
Aegean Sea /‘M
Z Q
$ 22°501080° 37°560.38°N
¢ 22°59'22.42"E  37°55'51.76"N
: 22°591.83'E  37°560.63N
2°599.86°  37°56 81°N
22°59'7.27"E 37°56'3.67°"N
22°59'6.34"E 37°56'4.35"N
2301084 37°6513.56N
22583644 37°5624.35°N
23°0'16.43"E  37°55'34.75"'N
22°59'59.29"E  37°55'33.57"N

[ I U R N

3

Fig. 1. Map of the Corinth Isthmus with elevations from the European Digital Elevation Model (EU-DEM), version
1.1 (data available at https://land.copernicus.eu/imagery-in-situ /eu-dem/eu-dem-v1.1) and the position of the
logged sections along the Corinth Canal. The basement and faults are compiled from Pallikarakis e al. (2018) and
Fernandez-Blanco er al. (2019), and the marine terraces are from de Gelder et al. (2019).

marine sedimentation referred to as ‘the Middle
Group’; and (3) exhumation of the synrift deposits
on the southern shore by the uplift of the Pelopon-
nese and the northward shift of the deltaic systems,
which has been occurring since 1 Ma. Over the
last phase, the rift-basin environment has been inter-
preted as alternating between marine conditions dur-
ing interglacial /highstand periods and isolated from
open-ocean conditions during glacial /lowstand peri-
ods as the eustatic sea level fluctuated relative to the
elevation of the boundaries of the basin (Sachpazi
et al. 2003; Bell et al. 2008; Taylor et al. 2011;
Nixon et al. 2016). For at least 200 kyr, the sills at
the western end of the Corinth Gulf have controlled
the connection with the Ionian Sea (Perissoratis ef al.
2000; Ford et al. 2013; Beckers et al. 2016). Older
and previous connections with the Aegean Sea
have been identified to the east at the location of
the Corinth Isthmus (von Freyberg 1973; Collier
1990; Collier and Dart 1991). The Corinth Isthmus
is a ¢. 10 km-wide corridor bounded by the Loutraki
Fault to the north and the Kechriaie Fault to the
south (Fig. 1). In the north, the Loutraki peninsula
consists mainly of rift basement made of flysch,
cherts limestones and ophiolites. On the opposite
south border, the Corinth Isthmus consists of a
limestone horst.

The Corinth Canal provides a basin-scale out-
crop, 6.4 km long and up to 80 m high, that can be
used to study the connection between the Corinth
Gulf and the Aegean Sea thanks to the uplift in this
area, which has occurred at an average minimum
rate of 0.3 mka™" over the past c. 205 kyr (Collier
1990). The Corinth Canal section shows a central
horst and an adjacent graben called Isthmia (Fig. 2)
(Collier 1990) separated by the Kalamaki-Isthmia
normal fault to the SE (Papanikolaou ez al. 2015; Pal-
likarakis et al. 2018). Second-order normal faults cut
the strata with offsets of several metres (Collier
1990). The sedimentary evolution of the canal sec-
tion is revealed by sequences that comprise lower
Pleistocene lacustrine Corinth Marls at the base
(sensu Collier 1990) that are overlain by marine
tidal sediments (von Freyberg 1973). These mid-
dle—upper Pleistocene marine sediments have been
interpreted and subdivided into five transgressive
subsequences: wave-reworked conglomerates (first)
and beach-shoreface sandstones (second and
third); oolitic calcarenites (fourth); and fluvial depos-
its and soils (fifth). These five subsequences have
been tied to major eustatic sea-level fluctuations
with a periodicity of c. 100 kyr (Collier 1990). In
the SE part of the canal (i.e. in the Isthmia Graben),
boreholes studies have highlighted conglomeratic
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Sedimentology and structure of the Corinth Canal
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Fig. 2. Modified section of the Corinth Canal proposed by Collier (1990; see fig. 1). This section presents the central
horst with the Corinth Marls and the five transgressive subsequences. All the sample numbers refer to the study by
Collier (1990). The transcription of the ages from Collier and Dart (1991) is displayed on the section. Corinth Marls

are dated at c. 4 Ma.

sands that can be associated with a fluvial environ-
ment (Papanikolaou ef al. 2015). In these boreholes,
foraminifera assemblages indicate a shallow-marine
environment between a lagoon and a more coastal
environment at ¢. 175 ka (Papanikolaou et al. 2015).

Methods

Fieldwork for this study was conducted from 20
to 27 August 2020; it consisted of sedimentological
descriptions and a photogrammetric survey carried
out using a drone. Ten high-resolution, millimetre-
scale vertical sedimentological sections were
described in detail to document the facies (Table 1)
and the facies associations (Table 2) along the
canal section (see the location in Fig. 1). The sedi-
mentological data included: grain size, grain type,
sedimentary structures, colour, texture, and fossil
types and bioturbation. Although originally indi-
cated for fluvial deposits, we adopted the Miall facies
codes shown in Table 1 (Miall 2006) to describe the
textural facies features of the marine deposits. This
choice was based on their very similar attributes
when compared to fluvial facies.

The drone survey consisted of 24 flights that gave
a total of 15 497 photographs to compute the photo-
grammetric model of the canal, including both of its
walls. The model was constructed using Context-
Capture from the Bentley suite of software, with
the support of F. Poux (University of Liege, Bel-
gium). The model interpretation was performed
using IFPEN’s Virtuoso software, which enabled
work to be carried out on an adaptive zoom mesh
model (Schmitz et al. 2014). The geometries were
constrained and quantified in 3D, sections were
then described (Fig. 3). We delimited the sequences
based on major unconformity surfaces that are con-
tinuous for more than 1 km.

Results
Facies and facies associations

The sediments observed along the Corinth Canal
were divided into 21 different facies based on litho-
logy, sedimentary structure, geometry and biotur-
bation rate. The facies are described in Table 1.
The interpretation column in Table 1 proposes the
possible depositional processes. The facies are
regrouped into eight facies associations (FA) based
on their depositional environments and numbered
from the base to the top along the vertical section
(Table 2).

FAI: Corinth deep-water lacustrine marls (facies
Fl). FA1 is mainly composed of laminated carbonate
silt with shell debris (facies Fl: Table 1) stacked in a
massive 30 m-thick set at the base of the canal sec-
tion (Figs 4, 5 & 6). The shells were identified by
Collier (1990) as freshwater Viviparus sp. Plant
and wood debris were found in some brownish lay-
ers. Moreover, oxidation traces (Fe) associated
with bigradational bedding were observed sensu
Rebesco et al. (2014). Beds in FA1 are parallel and
continuous at the scale of the canal, up to 1km
long (Fig. 3).

We interpret FA1 as massive settling deposits in a
deep-water lake owing to the presence of Viviparus
sp., in agreement with previous work by Collier
(1990) (Table 2). The brownish layers with plant
and wood debris are interpreted as fine-grained turbi-
dites, which indicates a continental episodic input
that probably took place during a surge potentially
transported by hyperpycnal flows (Mulder and Alex-
ander 2001). Finally, the bigradational beds associ-
ated with oxidated horizons are interpreted as a
reworking by bottom currents (Rebesco ez al. 2014).
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Table 1. Facies

Facies

Description

Geometry

Interpretation

Silt
Fm: massive silt

Fr: bioturbated silt

Fl: silt with thin
laminations

Fc: silt with gravel lag

Sand

Sm: fine- to
medium-grained
massive sand

Ssl: very fine- to
fine-grained sand with
scour and fill

Massive vertical stacking of carbonate
siltstones with horizontal bedding and
uneven bed boundaries

Bioturbated silt (without soil evidence).
The beds are fining-up and thinning-up

Well-bedded thinly laminated silt beds.
Horizontal bedding with:

¢ plant or wood debris in the brownish silt
levels;

e shells;

e debris;

¢ oxidation traces (Fe);

¢ Dbioturbation;

* bigradational bedding.

Colour: white to pale grey with a grey patina

White silt with isolated to aligned granules.
Granules are matrix supported and mainly
aligned. Some bivalve phantoms are
observed

Massive to crude inverse- to normal-grading
with:
¢ few shells (whole and debris);

* bioturbations.
Poorly lithified

Well-bedded thinly laminated very fine- to
fine-grained sand beds with:

* gastropods shell debris (gastropods, few
bivalves);

* vertical bioturbations at the base;

* fine-grained ferruginous grains (oxidation
traces).

Colour: white

Stacking of 0.5 to 2 m

Beds are centimetres to
decimetres thick. Stacked
in units from 0.25 to
1.5 m thick

Beds are millimetres to
centimetres thick with
uneven contacts

Beds are 1-30 cm thick

Beds are 0.5-1.5 m thick

Beds are 1-10 cm thick.
Uneven contacts.

Scour and fill.
Undulating scour surface

Stacking of settling sediments in deep water (perhaps in
an isolated water body)

Stacking of settling sediments in deep water with
bioturbation (perhaps in an isolated water body)

Fine-grained ‘turbidites’ with continental input (e.g.
surge/hyperpycnal flows) indicated by the presence of
wood debris. Reworked by bottom currents; evidence of
oxidation traces, bioturbation and bigradational bedding
(Rebesco et al. 2014)

Settling deposits reworked by bottom currents. The
granules are interpreted as lag deposits (Rebesco et al.
2014; Rubi er al. 2018)

Grain flow (Lowe 1982)

Scour and fill by a high-velocity flow of water, and filled
by very fine- to fine-grained sand that is usually coarse
during the waning stage of the flow that cut the scour.

The gastropod shells are identified as Viviparus sp. and
indicate a lacustrine environment (Collier 1990). The
bivalve debris is identified as Cardium sp. and indicates
a marine environment (Collier 1990). The ratio and the
conservation between the gastropods shells and bivalve
debris indicate a lacustrine environment with a few
marine incursions
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Sl: well-bedded laminated
sands

Sp: sand with planar
cross-stratification

St: sand with trough

cross-stratification

Sms: bioclastic grainstone

Gr: grainstone with
cross-stratification

Conglomerates
Gmg: conglomerates with
mudclasts

Floa: floatstone

Gcem: massive
clast-supported granules
with pebbles

Well-bedded and laminated very fine-grained

sand with:

* shells or debris of gastropods and/or
bivalves;
* afew bioturbations at the base

Medium-grained sandstone with planar
cross-stratifications.

The alternative direction of the planar oblique

stratifications leads to herringbone
cross-bedding

Fine- to medium-grained sandstone with
trough cross-stratifications

Medium- to coarse-grained sand with shells.

Crude grading and bioturbations are

observed on top. Poorly lithified
Bioclastic coarse-grained sand with vertical

bioturbations (up to 10 cm)

Massive, matrix-supported conglomerate
with:

* clasts: granules to pebbles;

e matrix: silt to medium-grained sand;

* carbonated erosive base with mudclasts

* crude normal grading

* bioturbated at the top

Massive bed with:

¢ clasts: shell debris (marine) >2 mm and
granules;

* matrix: micrite

e unsorted;

¢ Dbioturbated at the bottom

Massive clast-supported granules and pebbles

beds, erosive at the base

Beds from 1 to 10 cm thick

Beds are centimetres thick

Beds are centimetres thick
with large dune
geometries

Beds are massive, c. 1-
1.5 m thick

Beds are centimetres thick.
Horizontal and planar
cross-stratification

Beds are ¢. 1.5 m thick

Beds are ¢. 0.5—-1 m thick

Beds are ¢. 1 m thick

Sl facies is interpreted as the deposits of turbiditic flow.

The gastropod shells indicate a freshwater environment;
the bivalves (Cardium sp.) are interpreted as a marine
fauna (Collier 1990)

The planar cross-stratifications indicate a tractive current
(Rubin and Carter 1987; Venditti et al. 2005).

The herringbone cross-bedding highlights a tidal current
(James and Dalrymple 2010) with the migration of
straight-crested dunes under lower bed-shear-stress
values (Rubin and Carter 1987; Venditti et al. 2005)

The trough cross-stratifications indicate a tractive current
with the migration of sinusoidal-crested dunes under
high bed-shear-stress values (Rubin and Carter 1987
Venditti et al. 2005)

Foreshore /shoreface deposition of bioclastic grainstone by
mainly wave-forced currents (Nemec and Steel 1984;
Pemberton et al. 2012; Weill et al. 2013)

Upper shoreface /foreshore deposition of bioclastic sand
by wave-forced currents and/or tidal currents (Nemec
and Steel 1984; Pemberton et al. 2012; Weill et al.
2013)

Subaqueous MTD (Nemec 2009; Nugraha et al. 2020)

The presence of the floatstone can be explained by the
subsequent MTDs. This hypothesis was suggested by
Al-Awwad and Pomar (2015), where a MTD can
induce the movement of carbonated elements and
organisms that can be deposited as a floatstone once the
current velocity slows down

High-energy tractive currents (Martin et al. 2001, 2009,
2014)

(Continued)
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Table 1. Continued.

Facies

Description

Geometry

Interpretation

Gh: horizontal granules

Gp : oblique cross-stratified
granules

Gcg: clast-supported
granules with normal
grading

Gms: bioclastic
conglomerate

RudO: rudstone with
oysters

Soil
P: carbonated soil

Pw: weathered soil

Horizontal beds of coarse-grained sand to
granules with aligned pebbles on the
surface. Well sorted and well bedded

Oblique cross-beds of coarse-grained sand to
granules with an aligned pebble level. Well
sorted and well bedded

Stratified clast-supported granules at the
bottom to coarse- to very coarse-grained
sand at the top. Granules are angular

Bioclastic conglomerate with:

* clasts: pebbles, shells and some oysters
* matrix: very coarse-grained sand to
small granules

Massive bed with:

* clasts: mainly oyster shells and secondary
pebbles, shell debris and entire shells;
* matrix: micrite

Weathered heterolytic carbonated-rich bed
with probable roots

Matrix-supported conglomerate. Pebbles in an
unconsolidated reddish matrix

Beds are ¢. 10-20 cm thick.
Stacked in units 3 m thick

Beds are ¢. 5-20 cm thick.
Stacked in units ¢. 1 m thick
or in standalone beds

Beds are 15-25 cm thick
and are stacked in units of
c. lm

Beds are 5-10 cm thick.
Units are ¢. 1.5 m thick

Beds are ¢. 1 m thick

Beds are ¢. 0.5-2 m thick

From 0.2 to 2 m-thick units

Gravel lag indicates bypass and erosion by high-velocity

tractive currents (granules to pebbles) that can be found

in strait-centre areas (Longhitano 2013)

The cross-stratification and the coarser materials indicate
the presence of a tractive process (Rubin and Carter
1987; Martin er al. 2001, 2009, 2014; Venditti et al.
2005)

High-energy tractive current (Martin et al. 2001, 2009,
2014)

Foreshore/shoreface carbonated deposits (Nemec and
Steel 1984; Pemberton er al. 2012; Weill et al. 2013)

Foreshore framestone or ‘Beach rock’ (Nemec and Steel
1984; Weill et al. 2013)

Soil

Soil
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Table 2. Facies associations

Sedimentology and structure of the Corinth Canal

Facies Facies Units Description Interpretation
Association Sequence
FA1 Fl Unit 1 Laminated carbonate silt with shell ~Massive settling deposits in
Corinth Sequence 1 debris (FI) stacked in a massive a deep-water lake due to
deep-water 30 m-thick set with plant and the presence of Viviparus
lacustrine wood debris and Viviparus sp. sp., in agreement with
marls (Collier 1990) the previous work of
Collier (1990), and with
continental episodic
surge potentially
transported as
hyperpycnal flows
(Mulder and Alexander
2001)
FA2 Fl, Ssl, Fm  Units 2, 3, Laminated silt (F1) with Episodic marine
Lacustrine to and Gh 4 and 5 small-scale truncations produced transgressions (Ssl,
marine Sequence 1 by scour and fill of very fine- to Cardium sp.) in a lake
marls fine-grained sand (Ssl), and environment (FI,
massive silt (Fm) and gravel lag Viviparus sp.)
(Gh)
FA3 Fr, Sm, SI, Unit 6 Massive sand units (Sm), Brackish environment
Sand-rich Fc, Fl Sequence 1 gastropod- and bivalve-rich sand indicated by the mix
brackish and Gh (S1), laminated and/or between lacustrine
deposits bioturbated silt deposits (Fl and (Viviparus sp.) and
Fr) and granules lags (Gh) marine species bivalves
(Cardium sp., Collier
1990).
FA4 Gmg, Floa  Unit7 MTD (Gmg) associated with Debris flow is probably
Mass and Gh Sequence 2 floatstone (facies Floa) induced by seismic
Transport activities from the
Deposits margins of the basin
FAS P and Pw Unit 8 Soil formation with roots (P) and Palaeosol (Collier 1990)
Soil Sequence 2 alteration of the carbonate-rich
facies by weathering (Pw)

FAG6 Gp, St, Sp,  Units 9, 10  Planar and trough cross-stratified Erosion on the central horst
Conglomerate Gh, and 11 sands, granules and with bedload parting (i.e.
tidal dune Gmg, Fc, Sequence 3 conglomerates interbedded with zone ‘A’, strait-centre
strait Sm and herringbone cross-bedding zone), which form the

Gem showing two opposite sill of the strait
downlapping directions towards ~ Conglomerate tidal
the NW and the SE ranging dune-bedded strait zone
from facies scale to large scale (i.e. zone ‘B’) mainly
characterized by the
large-scale dunes and
herringbone
cross-bedding
FA7 Gr, RudO, Unit 12 Coarsening-up thick units of The rudstones, bioclastic
Upper Gms and  Sequence 4 bioclastic grainstones (Gr) grainstones and
shoreface to Gmg rudstones that contain oysters conglomerates are
beach (RudO), bioclastic interpreted as an upper
foreshore conglomerates (Gms) and shoreface to beach
MTDs (Gmg) with internal foreshore facies
cross-stratification, and with association in a marine
oyster shells and a few pebbles environment
FAS8 Gmg and Unit 13 Horizontal granule beds (Gh) Continental environment
Continental Gh Sequence 4 interbedded with massive deposit with alternating
environment metre-thick MTD conglomerates MTDs and transient

(Gmg)

stream deposits, probably
with a distal alluvial fan
near the shoreline
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Fig. 4. Close-up of the structures located in Figure 3. In FA2, some hummocky cross-stratification at a large scale is
observed. In FAG6, the cross-stratification and the laminations are orientated towards the NW. The numbers represent

the FA limits and the red line a fault (here F4).

FA2: lacustrine to marine marls (facies Fl, Ssl, Fm
and Gh). FA2 crops out in the central part of the
canal section over a length of 2 km and with a thick-
ness of 30 m (Figs 3 & 4). Some scour-and-fill and
undulating scour surfaces cut into planar horizontal
to low-angle bedding, both at the outcrop scale (i.e.
in a logged section: Fig. 5) and at larger scales
(Fig. 4). FA2 is mainly composed of laminated silt
(facies Fl: Table 1; Fig. 6) and shows small-scale
truncations produced by scour and fill of very fine-
to fine-grained sand (facies Ssl: Table 1; Figs 5 &
6). Moreover, gravel lag (facies Gh: Table 1;
Fig. 6) and massive silt (facies Fm: Table 1; Fig. 6)
complete the FA2. The proportion of Viviparus sp.
(Collier 1990) increases from base to top.

The presence of Viviparus sp. indicates a fresh-
water environment (Collier 1990). The scour-and-fill
fine-grained sandstones (facies Ssl) also contained
bivalve debris that were identified as Cardium sp.
by Collier (1990) and which indicate a marine envi-
ronment. This Ssl facies may indicate episodic
marine transgressions (Cardium sp.) in a lake envi-
ronment (facies Fl: Viviparus sp.). In summary,
FA2 is assumed to have been deposited in an isolated
lake with episodic marine connections.

FA3: sand-rich brackish deposits (facies Fr, Sm, Sl
Fc, Fland Gh). FA3 is a sand-rich facies association
(facies Sl and Sm: Table 1; Fig. 6) that is character-
ized by massive sand beds (facies Sm), gastropod-
and bivalve-rich sand (facies Sl), laminated and/or
bioturbated silt deposits (facies Fl and Fr: Table 1;
Fig. 6), and granules lags (facies Gh). The FA3

thickness ranges between 5 and 10 m (Figs 3, 4 &
7). Some sand beds are very rich in Viviparus sp.
and other are composed of bivalve shells (Cardium
sp.), whole or in debris (Sl). The silt associated
with the granule lags (facies Fc, Fl1 and Gh) does
not present shells of any kind. The base of FA3
could have been subjected to erosive events associ-
ated with some granule lags (facies Gh: Fig. 8).
We interpret the sand-rich FA3 as a brackish
environment, as indicated by the mix between lacus-
trine (Viviparus sp.) and marine species (bivalves:
Collier 1990). Indeed, the higher concentration of
bivalves in comparison to gastropods indicates a
transition from a lacustrine environment to a marine
environment. Moreover, the gravel lags (facies Gh),
laminated sands (facies S1) and silts (facies FI) with-
out shells are interpreted as having come from the
shore into a high-energy current environment.

FA4: mass transport deposits (facies Gmg, Floa
and Gh). FA4 is dominated by mass transport depos-
its (MTDs) (facies Gmg: Table 1; Fig. 9) associated
with floatstone (facies Floa: Table 1; Fig. 9). The
MTDs (facies Gmg and Floa) are erosive at the
base and eroded at the top (Fig. 7). The beds are
between 1 and 1.5 m thick (Figs 7 & 8). FA4 is 1-
3 m thick and is only found along a length of c.
700 m in the central part of the canal section (Figs
3&7).

We interpret FA4 as a debris flow without inter-
bedded tidal deposits. This debris flow was probably
derived from the collapse of portions of cliff margins
caused by seismic activity.
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Fig. 5. Outcrop of the logged section displaying FA1 and FA2. The logged section is located in Figure 3 (I in
Fig. 3b). The numbered surface represents the first unconformity surface.

FAS5: Soil (facies P and Pw). FAS consists of a soil
with roots (facies P: Table 1; Fig. 9) and weathered
carbonate-rich sediments (facies Pw: Table 1). The
thickness of FAS varies from 0.5 to 10 m and
crops out along 700 m in the central part of the
canal section (Figs 3 & 7). We agree with Collier
(1990), who identified this FA as a soil with local
karstifications.

FAG6: strait conglomerate tidal dunes (facies Gp,
St, Sp, Gh, Gmg, Fc, Sm and Gcm). FA6 consists
mainly of planar and trough cross-stratified sands,
granules and conglomerates interbedded with her-
ringbone cross-bedding in a partially reddish matrix
(Fig. 10). FAG is thicker on both ends of the canal
section (20 m thick in the SE and 40 m thick in the
NW) and eroded or undeposited in its central part
(Figs 3, 4,7, 10 & 11). The base of FAG6 is erosive,
and the first-order surfaces are erosive, as evidenced
by both toplap and downlap stratal terminations and

undulated surfaces (Figs 3, 4, 10 & 11). The planar
and trough cross-stratifications that downlap in two
opposite directions (NW and SE) are delimited by
the F10 fault: they dip towards the NW to the NW
of the F10 fault, and towards the SE to the SE of
the F10 fault (Fig. 3).

On the NW end of the canal section, we observed
second-order surfaces that consist of large-scale
asymmetrical herringbone cross-bedding with
lower and thicker (c. 7 m) foreset bedding with a
low angle (c. 10°) to the NW, and upper thinner (c.
1.5 m) foreset bedding with a higher angle (20°) to
the SE (Fig. 10). At the third order, we document
compound-dune formations with dominant foreset
deposition towards the NW and a subordinate
reverse foreset direction towards the SE (Fig. 11).

At the facies scale, FA6 is dominated by oblique
cross-stratified conglomerates (facies Gp), and
trough (facies St) and planar (facies Sp) oblique
cross-stratified sandstones (Table 1; Figs 12, 13 &
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Fig. 6. Photographs of facies FA1, FA2 and FA3; the facies descriptions are given in Table 1.

14). These oblique cross-stratified deposits can be
overlain by horizontal clast-supported conglomer-
ates (facies Gh, Geg and Gem), gravel lags (facies
Fc) and massive sandstones (facies Sm: Table 1;
Figs 12, 13 & 14). The oblique cross-stratification
(facies Gp, St and Sp) is outlined by metre-thick
beds internally organized into centimetre- to
decimetre-thick foresets based on erosional surface,
and are normally graded (Figs 12 & 13); the tops
of the beds can be either eroded or preserved
(Fig. 12). The facies grain-size sorting shows a
high variability from very poorly sorted to well-
sorted clasts (Fig. 13a, b). We report occurrences
of herringbone cross-bedding in medium-grained
sandstones (facies Sp) interbedded with horizontal
conglomerates (facies Gh: Fig. 13c). Along the
logged section, no evidence of mud is observed.
Based on the criteria proposed by Longhitano and
Chiarella (2020), we interpret FA6 as a sandy-
conglomeratic tidal dune complex accumulated in a

strait. Evidence for this interpretation includes planar
and trough cross-stratification of sands, granules and
conglomerates showing two opposite downlapping
directions towards the NW and SE that vary from
facies to large scale. In consequence, at both ends
of the central horst FA6 dips preferentially in two
main opposite directions away from the central
high. Based on the last generalized model for tidal
straits proposed by Longhitano and Chiarella
(2020), we interpret the horst as the location of a bed-
load parting (i.e. zone ‘A’, strait-centre zone) that
forms the constriction and the sill here of the strait.
In this area, sediments produced by erosion and
bypass were transported outwards to both the SE
and NW strait exits, and formed the dune-bedded
strait zone (i.e. zone ‘B’) that is mainly characterized
by large-scale cross-bedding (Longhitano and Chiar-
ella 2020). A complementary interpretation is pro-
posed by Dalrymple (2022): the two oppositely
directed cross-bedded deposits could represent the
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Fig. 7. Close-up on the area in Figure 3b displaying all of the facies associations (FAs) cropping out in the central
horst block. Numbers 1-5 refer to the boundaries between the FAs.
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Fig. 8. Outcrop of the logged section displaying FA2, FA3, FA4 and FAS. The logged section is located in Figure 3
(I in Fig. 3b). The numbered surfaces represent the second, third and fourth unconformity surfaces, respectively.
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Fig. 9. Photographs of facies FA4 and FAS; the facies descriptions are given in Table 1.

two ‘constriction-related deltas” (CRDs) that
develop in the strait areas of flow expansion as the
sediment is transported away from the bedload part-
ing/constriction.

Moreover, the tabular cross-stratification is inter-
preted as having formed by migration of straight-
crested dunes under lower bed-shear-stress values
(facies Sp: Table 1) (Costello and Southard 1981;
Harms et al. 1982; Rubin and Carter 1987; Ashley
1990; Venditti et al. 2005). The trough cross-
stratification reflects the migration of sinusoidal-
crested dunes under high bed-shear-stress values
(facies St: Table 1) (Rubin and Carter 1987; Venditti
et al. 2005). To create such dune-bedded structures,
the depositional current velocity is estimated to
range from 1 to 2m s~ " (Ashley 1990; Stow ef al.
2009; James and Dalrymple 2010).

Second, we identified herringbone cross-
stratification with a strong asymmetry. The NW-dip-
ping foresets are thicker with a lower angle than the

SE reverse foresets. We interpret this structure to be
the result of asymmetrical tidal currents with a dom-
inant flow towards the NW and a reverse secondary
flow towards the SE (Dalrymple e al. 1992; James
and Dalrymple 2010). Asymmetrical tidal currents
are preferentially reported in straits due to the cycli-
cal amplification of one tidal phase over the opposite
phase induced by passage through the central con-
striction (Reynaud and Dalrymple 2012; Longhitano
2013).

Third, the mud-free facies association (FA6) is
another criterion used to recognize a dune-bedded
strait from other tidal environments due to its high-
energy setting (Longhitano and Nemec 2005). The
mud paucity in tidal systems can also be due to
their distance from a source of mud (James and Dal-
rymple 2010). Here, the sediment sources are very
close to the canal; in particular the Perachora horst
to the north, which is made up of ophiolitic rocks.
Hence, the lack of mud in FA6 is probably due to

Fig. 10. Close-up of the asymmetrical herringbone cross-stratification with the main migration direction towards the
NW (FAG6). The thicker lines represent the first-order surfaces, the medium lines represent the second-order surfaces

and the thinner lines are the third-order surfaces.
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Fig. 11. Close-up of some of the compound-dune features cropping out in the FA6 conglomeratic beds with the
migration direction towards the NW and the secondary reverse foreset direction towards the SE. (a) Second-order
surfaces (medium thickness lines) are observed to be downlapping onto first-order surfaces (thickest lines; to the
NW). The third-order surfaces (thinner lines) downlap in the opposite direction (to SE) on both the first- and
second-order surfaces, forming dune structures. The dip angle is larger for the surfaces downlapping towards the SE
than for the surface downlapping to the NW. (b) Similar features to those shown in (a).

energetic tidal currents transporting mud in suspen-
sion away from this depositional area of the strait.

Fourth, compared to other tidal environments, the
thickness of FA6 (at least 40 m thick) also argues for
a tidal strait environment (Longhitano and Chiarella
2020).

Fifth, we observe compound foreset architectures
(Fig. 11), which are interpreted as dunes derived
from the superimposition of smaller simple dunes
on top of large dunes by tidal reverse flows. These
dune architectures are reported in inshore tidal envi-
ronments, as well as in tidal estuaries, tidal deltas and
tidal straits (Dalrymple et al. 1992, 2012; Longhi-
tano and Chiarella 2020). In micro-tidal settings,

such as in the Mediterranean Sea, tidal deltas and
tidal estuaries are unusual depositional systems
(Longhitano and Colella 2007) and are probably
not strong enough to generate large-scale coarse-
grained dunes. However, tidal dunes of medium- to
coarse-grained sand up to gravel, which can be up
to 10 m in height, are documented in the centre of
the Messina Strait (Barrier 1984; Montenat et al.
1987; Longhitano 2018a) with associated current
velocities that vary between 1 and 3 m s~' (Santoro
et al. 2002).

FA7: upper shoreface to foreshore (facies Gr, RudO,
Gms and Gmg). FAT7 is a c¢ 15 m-thick
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Fig. 12. Outcrop and sedimentological logged section of FA6. The logged section is located in Figure 3 (V in

Fig. 3b).

coarsening-up set of bioclastic grainstones (facies
Gr: Table 1; Figs 15 & 16), rudstones that contains
oysters (facies RudO: Table 1; Figs 15 & 16), bio-
clastic conglomerates (facies Gms: Table 1; Figs
15 & 16) and small-scale MTDs (facies Gmg:
Table 1; Figs 9 & 15). The grainstones (facies Gr)
are thinly laminated (centimetre-thick beds) and
stack in massive metre-thick strata with internal
cross-stratification (Fig. 15). The rudstones consist
of metre-thick beds that contain oyster shells and
rare pebbles (Fig. 15).

The rudstones, bioclastic grainstones and con-
glomerates are interpreted as an upper shoreface to
foreshore facies association in a marginal-marine
environment (Pemberton ez al. 2012; Isla et al. 2020).

FAS: alluvial fan (facies Gmg and Gh). FAS8 is a c.
5 m-thick set of decimetre-thick horizontal granule
beds (facies Gh: Table 1; Figs 6 & 15) interbedded
with massive metre-thick MTD conglomerates
(facies Gmg: Table 1; Figs 9 & 15). The horizontal
granule beds are clast-supported and display internal

pebble lag surfaces (Fig. 15). We interpret FA8 as an
alluvial fan deposit with alternation between MTDs
(facies Gmg) and transient stream deposits (facies
Gh). The facies are sometimes consolidated with a
carbonate-rich matrix that may be the result of an
early marine diagenesis. FA8 is dominated by a
large sediment supply that formed an alluvial fan
probably close to a coastal environment.

Fault evolution

We measured fault directions and dips in the field
and with the 3D model (Fig. 3). The faults were num-
bered from NW to SE. Their characteristics are
reported in Table 3. Both north- and south-dipping
normal faults share a mean strike direction N74,
which corresponds to the N160 extension of the
Eastern Corinth Rift (Armijo et al. 1996; Moretti
et al. 2003). The north- and south-dipping normal
faults caused the formation of the central horst (Col-
lier 1990) (Figs 2 & 3). Their architecture (Fig. 3)
allows the syntectonic sequences to be identified.
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Fig. 13. FAG facies variability. (a) Variability in the St
facies from very poorly sorted with heterogeneous
granulometry to well sorted with similar granulometry.
(b) Variability in the St facies with more granular
elements. (c¢) Herringbone cross-bedding in the

Sp facies.

Two tectonic pulses can be highlighted (Fig. 17).
The first pulse occurred after deposition of Sequence
2 with continuous activity during the deposition of
Sequence 3 in the central part with faults F2, F4
and F6-F11. This first pulse resulted in the uplift
of the central horst, which was bounded by north-
and south-dipping normal faults. This horst, located
between the Corinth Gulf and the Aegean Sea, could
produce a sill depending on the sea level and the
horst elevation. The second pulse after Sequence 3
was associated with the activity of the major Kala-
maki—Isthmia Fault (F15) and associated minor
faults F12-F14. The Kalamaki-Isthmia Fault
accommodated the uplift of the Isthmus of Corinth
as opposed to the subsiding eastern Aegean area.
This last fault activity (F15) was estimated to have
occurred at 175 ka in the area (Papanikolaou et al.
2015). In summary, the fault activities document a
migration of the extension from the NW to the SE.

Tectonosedimentary evolution

Traditional sequence stratigraphy, based on simple
shelf/delta architecture with a constant subsidence
rate, is difficult to apply to tectonically active tidal
straits. We thus based the tectonosedimentary evolu-
tion on the facies associations and their relative dep-
ositional environments in order to constrain the
palacobathymetries and palaeoenvironments (i.e.
lacustrine or marine settings). We integrated our sed-
imentological observations and fault analyses with

Fig. 14. Photographs of facies FA6; the facies description is given in Table 1.


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on May 9, 2022

Sedimentology and structure of the Corinth Canal

FA8

“\/* Bioturbation
&  Oyster shell

(/" Shell debris
- Granule

sh.S Ve Tom d ‘lc'gr.peh‘cobbbu'

Fig. 15. Outcrop and sedimentological section of FA7 and FAS8. The logged section is located in Figure 3 (VII in

Fig. 3b).

previous dates given by Collier (1990), Collier and
Dart (1991) and Collier and Thompson (1991) with
the Corinth Rift regional evolution (Ori 1989; Taylor
et al. 2011; Ford et al. 2013; Nixon et al. 2016;
Rohais and Moretti 2017; Gawthorpe et al. 2018;
McNeill er al. 2019) and with the constraints of
marine terraces (de Gelder ef al. 2019).

Sequence 1. We identified a first sequence (Figs 3 &
17) with a progressive transgression from the deep
lacustrine  FA1 (Corinth deep-water lacustrine

marls) to the lacustrine with marine incursion FA2,
and then to the shallow brackish FA3. FA2 and
FA3 constitute a transgressive system track. The
change from lacustrine to marine and brackish condi-
tions is due to the opening of a connection between
the formerly isolated ‘Corinth Lake’ and the larger
Mediterranean Sea. This opening must have been
induced by local subsidence of the connecting area
due to normal faulting, and not by regional subsi-
dence. Indeed, the connection resulted in a global
diminution of the basin bathymetry and the observed
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Fig. 16. Photographs of facies FA7 and FAS8; the facies descriptions are given in Table 1.

change from a deep (FA1) to a shallow basin (FA3:
Figs 3, 4 & 5). The Corinth Marls in FA1 have been
dated to ¢. 4 Ma using intrusive magmatic dykes
(Fig. 1) (Collier and Dart 1991).

Sequence 2. The unconformity surface 3 lies above
the first sequence and corresponds to the top of
FA3 (Fig. 3). This unconformity is overlain by a
MTD (FA4) and palaeosol deposits (FAS). FA4
and FAS form the second sequence, which is thin
with a maximum thickness of less than 18 m.
Sequence 2 is deeply eroded by the unconformity
surface 5. This erosion affects Sequence 1 and
Sequence 2 from FA2 (Fig. 3). The thin and discon-
tinuous Sequence 2 is located between two major
unconformities (surfaces 3 and 5: Fig. 3).

Sequence 3. Above unconformity 5, we observe FA6
downlapping onto it in opposite directions on each

Table 3. Normal faults of the canal section

end of the horst: that is, SE downlapping on the SE
end of the horst and NW downlapping on its NW
end. We interpret this unconformity (surface 5) as
a transgression from a continental area (Sequence
2, FAS) to a tidal strait (Sequence 3, FA6) that
connects the Corinth Gulf with the Aegean Sea
(Fig. 3).

Thanks to the U/Th dating provided by Collier
(1990), we were able to tie FA6 to MIS (Marine Iso-
tope Stage) 9-MIS 8 (337-300 ka). These deposits
are the last evidence of a marine connection between
the Corinth Gulf and the Aegean Sea in the canal
area. Due to the uplift and the activity of the eastern
faults F11-F15 (i.e. the Kalamaki—Isthmia normal
fault system), the Isthmia Graben was progressively
disconnected from the Aegean Sea.

Sequence 4. Sequence 4, represented by FA7 and
FAS, is limited to the hanging wall of the major

Name Direction Dip (°) and Offset
(°E) direction of dip (m)
F1 68.9 67.6 N ¢ 5
F2 85.1 889N c. 7
F3 85.6 85.1N c.7
F4 84.3 60.8 N c13
F5 62.6 65.5S c.3
F6 90.3 80.2 S c. 8
F7 85.0 7138 c 11
F8 77.6 76.5 S c 11
F9 72.4 78.6 S c.7
F10 73.3 76.7 S c. 7 (estimated)
F11 62.3 7228 Major displacement (20 m
minimum, supposed)
F12 75.2 74.7 S c. 5 (estimated)
F13 64.7 689N c. 2 (estimated)
Fl14 57.5 74.0 N c. 2 (estimated)
F15 c. 65 South c. 150 (Pallikarakis et al.
Kalamaki-Isthmia normal fault 2018)

(Papanikolaou et al. 2015;
Pallikarakis et al. 2018)
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Fig. 17. Schematic chronology of fault appearance and activity. The width of the lines indicates the importance of
the fault. The grey dashed lines represent supposed activity. The fault directions are displayed on the stereonet.

Kalamaki—Isthmia normal fault (F15). FA7 docu-
ments a foreshore to shoreface environment and is
thus interpreted as a highstand deposit dated at
205 ka: that is, MIS 6 as determined by Collier
(1990) and confirmed by Pallikarakis ez al. (2018).

Discussion
Strait-centre zone

An important finding is that the Corinth Strait was
active during major fault activity affecting the
study area. Indeed, the faulting in this area post-dates
Sequence 2 deposition, implying that the faulting is
syn- to post-Sequence 3 (c. 300 ka). This observation
may support the hypothesis that the Corinth Strait
was controlled by normal faults (F4 and F5-F7:
Figs 3 & 17). The central horst forms the sill and
strait-centre zone (i. e. zone ‘A’: Longhitano 2013;
Longhitano and Chiarella 2020); and the hanging
walls on both sides correspond to the intermediate
tidal strait depositional areas where accommodation
enhanced deposition and sediment preservation.
Generally, strait-centre zones are dominated by
erosion and the bypass of sediments, and can be con-
sidered as a bedload parting area formed under the
strongest currents that are amplified by the strait
constriction (Longhitano and Chiarella 2020 and ref-
erences within). Consequently, only coarse-grain
deposits may form gravel-size materials, building
patches and ribbons that form 10-20 m-wide and
4-5 m-deep lenses. In tectonic horsts, these deposits
are organized into sedimentary wedges on each flank
of the horst (Longhitano and Chiarella 2020).

Moreover, large-scale dunes, up to 10 m high, com-
posed of medium- to coarse-grained sand or even
gravel are also documented in tidal strait centres
(Barrier 1984; Montenat er al. 1987; Longhitano
2018a, D).

However, in our study area, any coarse-grained
deposits crop out in the strait-centre zone. Indeed,
the strait-centre zone is made up of fine-grained sed-
iments: a palaeosoil (FAS5), MTDs (FA4) and
sand-rich brackish deposits (FA3). These deposits
are assumed to be older and so are considered pre-
strait. In Figure 3, surface 5 shows a lower erosion
rate than on its sides, evidencing a bypass without
any deposition.

Dune-bedded strait zones: a coarse-grained
example

Our FAG6 interpretation is based on observations of
sandy-conglomeratic dunes with simple and com-
pound foreset architectures. Moreover, the herring-
bone cross-stratification shows a strong asymmetry
with the thicker NW-dipping foresets and their
lower angle than the SE reverse foresets. We
argue that these sedimentary structures reflect tidal
conditions (Pugh 1987; Greb and Archer 1995;
Longhitano and Chiarella 2020) and not longshore
currents (Collier 1990). The dune long axis is orien-
tated NE-SW, and the dunes show a main forward
accretion towards the NW on the NW end of the
horst/strait and towards the SE on the opposite
end. These orientations and forward accretion are
consistent with tidal dune formation under NW-
SE-flowing tidal currents (Olariu et al. 2012) and
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are consistent with the NW-SE orientation of the
gateway. We support the previous, if not the first,
interpretation made by von Freyberg (1973) that
this dune-bedded complex (FA6 in our study) was
built in a tidal environment. The NE-SW-orientated
dunes of FA6 that were deposited on each side of
the horst with opposing dips form the dune-bedded
strait zones (zone ‘B’ in Longhitano and Chiarella
2020).

In dune-bedded strait zones, the existing deposi-
tional model is dominated by, if not exclusively
formed by, sand dune-bedded facies with 3D and
2D tidal dune fields (Barnard et al. 2006; Ferranti
et al. 2008; Lamarche et al. 2011; Longhitano
2011, 2013, 2018a, b; Longhitano and Steel 2016;
Longhitano and Chiarella 2020). Based on Dalrym-
ple and Rhodes (1995), the associated bathymetric
depths range from c. 20 to 80 m for sand dunes 5—
10 m in height. We propose to complete the existing
tidal strait depositional model with conglomerate
tidal dune deposits. In consequence, the conglomer-
ates are not restricted to MTDs in the tidal strait mar-
gin, or to patches and ribbons in the strait centre
(Longhitano 2013; Rossi er al. 2017; Longhitano
and Chiarella 2020), or in strait beaches and shorefa-
ces (Frey and Dashtgard 2011) but can create thick
sets of conglomerates that form tidal dune complexes
in the intermediate strait areas.

The clasts in the tidal dunes are mainly composed
of ultrabasic rocks that were derived from a source to
the north where an ophiolitic thrust sheet is present
(Fig. 1) (von Freyberg 1973; Collier 1990). The
length of the central horst (c. 1 km) that forms the
strait-centre zone and its fine-grained facies do not
enable it to feed the sedimentary volume of FA®6.
In consequence, we propose that the conglomeratic
sediments were mostly supplied from the north prob-
ably by a Gilbert-type delta that could provide
unconsolidated conglomerates from the foreset to
the bottomset (Poulimenos er al. 1993; Malartre
et al. 2004; Rohais et al. 2008; Ford et al. 2009,
2013; Rubi et al. 2018) rather than from the erosion
of the central horst. Therefore, it can thus be sug-
gested that in high conglomerate-sediment-supply
settings, such as in the Corinth Rift, the depositional
tidal strait system led to the formation of conglomer-
atic tidal dunes on both sides of the strait. Further
research should be undertaken to investigate the lat-
eral and vertical evolutions of this kind of coarse-
grained system.

Corinth Isthmus palaeogeography and the
evolution of the connection with the Aegean
Sea

Sequence 1 records a transition from deep lacustrine
to shallow marine water during a ‘transgression’:

that is, from a lacustrine to a marine environment.
This setting requires two conditions: (1) a
fault-related opening of the marine connection (i.e.
a ‘deepening’ at the site of the connection, probably
not located in the Corinth Isthmus) when (2) the lake
level was above the sea level, which is common.
If these conditions are met, the active faulting con-
nection can reduce the bathymetry of the basin and
establish a marine environment. This opening may
be associated at the rift scale with the ¢. 1.8 Ma
marine transgression and migration of the Gilbert-
type deltas towards the north (Ford er al. 2016) and
the regression of the southern coast (Rohais and
Moretti 2017). This stage corresponds with the tran-
sition from Lower/Phase 1 to Middle/Phase 2 of the
rift evolution (Ford er al. 2016; Nixon et al. 2016;
Gawthorpe et al. 2018).

Sequence 2 is associated with MTDs and soil for-
mations. The dating of conglomerates above (FA6 in
sequence 3) at c¢. 300 ka (Collier 1990) implies a
large time gap in the sedimentary section. This
time gap is locally represented in the geological
record by the observed palaecosol (FAS). Regionally,
this period corresponds to the beginning of the Pelo-
ponnesus uplift. Since c¢. 600 ka, regular c¢. 100 kyr
eustatic reconnections to the sea have also been
recorded by marine terraces (de Gelder ef al. 2019)
and in deep International Ocean Discovery Program
(IODP) cores (McNeill er al. 2019) but are not pre-
served in the study area.

The syntectonic Sequence 3 was built by the tidal
strait (FA6) during MIS 9-MIS 8 (337-300 ka:
Collier 1990), and records the connection between
the Gulf and the Sea in the canal area. Previously,
Collier and Thompson (1991) proposed that this con-
nection was located southwards and that the canal
area was a strait margin characterized by beach to
shoreface deposits. They based their interpretations
on the NW-dipping sets of conglomerates, associ-
ated with climbing dunes that were interpreted as
storm berms. Collier (1990) also reported convex-up
surfaces with complex internal structures of scour
surfaces, ripple cosets and bundled trough cross-
stratification. Collier (1990) explained the NW-
and SE-dipping sets as consisting of shoreward-
and seaward-migrating bar forms that might reflect
minor changes in the relative base level. Collier’s
interpretation implied SW and NE longshore cur-
rents, perpendicular to the canal section. These cur-
rent directions are quite unusual when the NW-
SE-orientated gateway that connected the Corinth
Gulf and the Aegean Sea is considered (Fig. 1).
Along this gateway, the tidal currents are expected
to be parallel to, or close to, its NW-SE orientation
but not perpendicular to it (see the previous subsec-
tion on the dune-bedded strait zones). In addition,
their interpretation of the canal area as a strait margin
contradicts the fact that it is the lowest topographical
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region connecting the Gulf of Corinth and the
Aegean Sea (0-70 m: Fig. 1). Consequently, we
question this previous palaecogeographical interpre-
tation as a palaeoshore that required a topographical
inversion not supported by the present-day fault net-
work or the facies associations. The coarse-grained
dune deposits in the canal (FA6) must imply a
lower erosional rate in the canal than for the fine-
grained deposits in the south and so prevent a topo-
graphical inversion by erosion.

At the same time, in the Corinth Isthmus area,
other linear and transverse oolitic dunes have been
documented (Fig. 1) (Collier and Thompson 1991;
Hayward 1996, 2003, 2013). The ancient Corinth
transverse dunes are embedded in the c. 240 ka
marine terrace ‘Old Corinth (II)’ at an elevation of
c. 64 m (Fig. 1) (de Gelder ef al. 2019). The linear
dune at Examilia is part of the c. 326 ka ‘“Temple
(I)’ marine terrace, at an elevation between c.
80 m (in the SW) to ¢. 110 m (in the NW: Fig. 1)
(de Gelder et al. 2019). The transverse dunes near
the Aegean coast are undated and crop out 60—
120 m above sea level (Fig. 1). The age constraints
imply that the linear Examilia dune is associated
with the tidal dune complex FA6, and that the trans-
verse dunes are younger (c. 240 ka). They are related
to different highstands, contrary to the palacogeo-
graphical reconstruction of Collier and Thompson
(1991).

Complementary palaeogeographical information
is available from the sedimentology of the Examilia
dune. Its internal composition, documented by Hay-
ward (1996), shows that its southwestern part is
made up of ooids, 300 um in diameter, without bio-
clasts or altered mafic rocks from the north. In con-
trast, its northeastern part contains heterogeneous
particles, ranging from 200 to 800 um in size, with
altered mafic rocks from the north as nuclei or
uncoated grain and bioclasts: bivalves and gastro-
pods (Hayward 1996). We suggest that the Examilia
dune was built up in a shallow marine area by two
sediment sources under two reverse directions of
flood and ebb tidal currents (Collier and Thompson
1991). Indeed, the carbonate ooids were generated
in shallow carbonate environments that were likely
to have been located to the NW, and transported
towards the SE. At the same time, the mafic rock
nuclei or uncoated particles were derived from the
northern Perachora horst by these bidirectional cur-
rents (Fig. 1).

Moreover, the Examilia dune crops out at an ele-
vation of between c. 80 and ¢. 110 m, so is higher
than FAG6 in the canal section (c. 0-70 m). In review-
ing the literature, no fault was found between Exam-
ilia and the canal. It can thus be suggested that the
Examilia dune formed during the maximum relative
sea level during the ¢. 326 ka transgression in a shal-
low marine area. During the following regression,

the canal formed the lowest topographical area and
was still flooded, whereas the Examilia dune was
exposed to subaerial erosion. The bathymetry at
that time in the canal area implies that a narrow lat-
eral constriction was still visible in the topography
(Fig. 1). The fault-bounded central horst of the Cor-
inth Canal formed a shallowly submerged sill sepa-
rating two adjacent depositional areas. The strait
deposits (FA6) in the canal would thus result in a
fall of the relative base level (i.e. early forced regres-
sion: ¢. 300 ka). This hypothesis is also supported by
the coarse-grained conglomeratic nature of the large-
scale tidal dunes (FAG6) that were probably formed
during, or close to, the maximum energy state of
the strait.

The FAG6 strait deposits may also record the
reduction in and last connection between the Corinth
Gulf and the Aegean Sea. Indeed, the marine
Sequence 4 is restricted to the hanging wall of the
Kalamaki—Isthmia Fault and is dated at 205 ka (Col-
lier 1990). Likewise, other marine deposits associ-
ated with this c¢. 240 ka transgression are localized
near the shores of the Corinth Bay and the Aegean
Sea (marine terraces and transverse dunes) but not
in the centre of Corinth Isthmus (Fig. 1). These find-
ings suggest that during highstands the Gulf of Cor-
inth has been connected to the Ionian Sea to the west
since at least since c. 240 ka.

Double opening

The FAG6 tidal dune architectures record the presence
of a strait during MIS 9-MIS 8 (c. 300 ka) and attest
for strong tidal currents. Within the Mediterranean
micro-tidal context, straits can amplify tidal currents
by up to 1 ms™", such as, for example, in the strait
centre of the present-day Rion—Antirion Strait
located west of the Corinth Gulf (Fourniotis and
Horsch 2015; Rubi et al. 2022). To reach velocities
high enough to build the observed dunes, our
hypothesis is that the Corinth Gulf was open both
to the west and to the east with an effective connec-
tion between the Ionian Sea and the Aegean Sea
through the gulf. This double opening could have
enhanced the tidal amplification due to the time dif-
ference between the tides in the two mentioned seas.
Due to the distance separating the two open seas and
the usual spread of the tides, a time difference of
around 1-2 h can be supposed (Tsimplis 1994). If
the Gulf of Corinth had had a double connection,
the amplification of tidal currents at the Corinth
Strait would have been marked by an increase in
the current velocity coming from the Aegean Sea
around 1-2 h before the high tide of the Ionian
Sea. This hypothesis fits the observation of the tide
asymmetry registered by the herringbone cross-
bedding in FA6 (Figs 10 & 11). The dominant cur-
rent coming from the Aegean Sea (SE of the canal
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section) was probably responsible for the deposition
of the larger and flatter foresets, dipping to the NW,
whereas the subordinate weaker current deposited
the smaller foresets, dipping to the SE, preserved at
the top of the herringbone cross-bedding.

An alternative explanation for the asymmetry
is that it could have been generated by the superpo-
sition of a unidirectional current on the reversing
tidal currents, such as in the Messina Strait (Longhi-
tano 2018a). The unidirectional current in the
Messina Strait is density driven because of the
west-to-east increase in aridity, which generates a
west-to-east increase in salinity in Mediterranean
Sea (Robinson et al. 2001; Schroeder et al. 2012).
The salinity-driven south-to-north current helps to
cause an asymmetry in the sediment transport
through the strait (Longhitano 2018a).

Conclusions

The aim of the present research was to examine the
connections between the Aegean Sea and the Corinth
Gulf based on the stratigraphic architecture, sedi-
mentology and structure of the Middle Pleistocene
Corinth Canal outcrop. This study has documented
two connections: the first recorded by the facies tran-
sition from deep lacustrine to shallow marine envi-
ronments probably triggered by active faulting at c.
1.8 Ma (Ford et al. 2016; Gawthorpe et al. 2018);
and the second highlighted a strait system at c.
300 ka. This strait is characterized by a fault-
bounded strait centre lacking sediments, which prob-
ably represented a bypass zone at that time. The two
adjacent dune-bedded strait zones preserve coarse-
grained cross-beds referable to ancient conglomer-
atic tidal dunes. This interpretation is based on the
following criteria (Longhitano and Chiarella 2020):
(i) the opposite dipping directions of the foresets
from the central horst; (ii) the simple and compound
foreset architectures; and (iii) the lack of mud and
the multiscale asymmetrical herringbones cross-
stratifications that argue for a dune accretion direc-
tion, and tidal currents to the NW and the SE. The
sediments that make up the foresets were derived
from the erosion of the northern margin and not
from the scouring of the strait centre, as occurs in
many modern tidal straits. Moreover, the thick set
of conglomerates forming the tidal dune complexes
in the adjacent strait-centre zone represent an origi-
nality of this work, as no previous research has doc-
umented facies such as these.

Another remarkable achievement of this study is
the reconnection locations between the Gulf of Cor-
inth and the Aegean Sea. Despite the marine terraces
having recorded six highstands in the Bay of Corinth
(MISs 15e, 13c, 11c, 9c¢, 7e and Se: de Gelder et al.
2019), the canal outcrop has only recorded the

connection at ¢. 300 ka (c. MIS 9-MIS 8?: Collier
1990) by a tidal strait. Until this study, the marine
connections (MISs 15e, 13c, 1lc, 9c, 7e and Se)
were systematically inferred to have occurred
through the canal area. Further research should also
be carried out to establish the evolution of the con-
nection between the Corinth Rift and the Aegean
Sea with emphasis on the Alkyonides Gulf and the
Megara Basin. Moreover, we suggest a dual opening
— that is, at the eastern and western tips of the gulf —
that generated a tidal flow strong enough to form
conglomeratic tidal dunes during at least MIS Oc.
Since then (MIS 7e and 5e) the connection with the
sea would have occurred at the western tip of the
Corinth Gulf through the modern Rion Strait. A nat-
ural progression of this work is to investigate this
western Rion Strait and to model the amplification
of the tidal currents.
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