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Abstract

The following study investigate the sedimentology and sequence stratigraphy of the deposits
exposed in the Corinth Canal in central Greece. Earlier studies of the Canal have been focused
around the uppermost part of the Canal with minor detail paid to the deposits termed the
“Corinth Marls”. The aim of this study is to create a Tectono-Stratigraphic evolution of the

deposits in the Corinth Canal.

The Corinth Canal features intra-rift deposits with lacustrine to marine depositional
environments, changing from foreshore to offshore environments. The Corinth Canal deposits
are divided into six Tectono-Stratigraphic Units, separated by major unconformities with
basinward or landward shifts in facies. Tectono-Stratigraphic Units 1 to 3 are deposited within
a fluvial-lacustrine basin which is capped by a major flooding surface. Tectono-Stratigraphic
Units 4 to 6 are deposited within a marine environment, featuring several transgressive events

cut off by falls in relative sea level.

The Corinth Canals sedimentary rocks are deposited during five Glacio-Eustatic highstands and
one Glacio-Eustatic lowstand. Tectono-Stratigraphic Units 4 to 6 are deposited during five low-
frequency eustatic highstand cycles (100 000 years), with deposition of the lacustrine derived
Tectono-Stratigraphic Units 1 to 3 during a Glacio-Eustatic lowstand. The Tectono-
Stratigraphic evolution of the Corinth Canal deposits are interpreted as lacustrine lowstand
deposits overlain by five low-frequency cycles of marine deposition during the last 620 000

years.

The stratigraphic packages and bounding surfaces identified within the Corinth Canal outcrops
are linked with the offshore deposits of several close by basins such as the Lechaion Gulf, the
Alkyonides Gulf and the Gulf of Corinth. These correlations indicate that the Tectono-
Stratigraphic evolution of the Corinth Canal deposits are closely linked with the Tectono-

Stratigraphic evolution of other basins within the Corinth Rift.
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Chapter 1 Introduction

1. Introduction

1.1 Introduction and Rationale

This thesis consists of a sedimentary and sequence stratigraphic study of the exposures along
the Corinth Canal in central Greece.

The study area for the thesis is the Corinth Canal, which is located on the Corinth Isthmus in
central Greece, approximately 80 km west of Athens (fig. 1.1). The field work for the thesis
was split into two trips of approximately 3 weeks each, from the 18" of March to the 4" of
April 2015, and from the 24™ of September to the 15™ of October 2015. They were carried out
together with my fellow students Stine Hemnes Sletten and Marthe Fgrland, and in co-operation
with my supervisor Rob Gawthorpe, co-supervisor Martin Muravchik, and researcher Gijs
Henstra.

The Corinth Canal is an excavated canal in the Corinth Basin, which shows excellent outcrops
of the Corinth Basin deposits. The canal is 79 metres high in its central part, 5.8 km long and
has a base width at sea level of approximately 25 metres.

The purpose of the study is to integrate traditional field work with digital outcrop interpretation
techniques (LiDAR) in order to generate a detailed sedimentary sequence stratigraphic analysis
of the sections exposed along the walls of the Corinth Canal. The canals deposits, which are
deposited in an active offshore rift, makes it an excellent analogue for syn-rift intra-rift high
deposits. No one has previously focused on the stratigraphic sequences in the lower packages
of the canal. With improved data, such as LIDAR, it is now possible to get a much closer look,
and in much greater detail, at the inaccessible and lower parts of the canal, and therefore get a
much more precise determination of the stratigraphy. The results of the sedimentology and
stratigraphy will be combined to determine the different sedimentary environments developed
along the canal throughout its tectonic evolution and generate a tectono-stratigraphic evolution
of the Corinth Canal deposits.
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Fig. 1.1: Location maps. (A) Map of Greece and the Mediterranean region. The Corinth Isthmus is indicated with a
red square. (B) Map of the Corinth Isthmus. The Corinth Canal links the Lechaion Gulf with the Saronic Gulf.

Satellite images obtained from Google Earth.
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1.2 Aim and Objectives

The aim of the thesis is to study the sedimentology and sequence stratigraphy of the Corinth

Canal in order to develop a Tectono-Sedimentary evolution of the Corinth Canal deposits.
The specific objectives of the thesis are as follows:
I.  Field-based facies analysis of the Corinth Canal
Il.  Characterize key stratal surfaces through field-based sequence-stratigraphic analysis of
the Corinth Canal exposures
1. Fully 3D analysis of rock body geometries and syn-rift stratal architecture through
digital outcrop modelling techniques (LiDAR)
IV. Paleoenvironmental analysis of the sedimentary units at the Corinth Canal and

development of Tectono-Sedimentary evolution model

1.3 Previous Work

The structure and stratigraphy of the exposures found along the Corinth Canal were originally
delineated in a regional geology study of the Corinth Isthmus by von Freyberg (1973). Freyberg
(1973) separated the Corinth Canal outcrops into the Kalamaki Strata of Pleistocene age, which
consists of two marine to freshwater cycles. This strata were overlain by the lower and upper
Hauptkonglomerat with a relative sea level fall separating the Kalamaki strata from the
Hauptkonglomerat. The lower and upper Hauptkonglomerat were also separated by a relative
sea level fall. The uppermost sequence in the Corinth Canal were named the Gelbsandhorizont.
He postulated sediment transport from east and deposition of sediments as a result of eustatic

variations in sea level.

However, the sedimentology and stratigraphy received renewed attention after Collier (1988,
1990) studied the outcrops. He changed the stratigraphic boundary, environmental, and
paleogeographical interpretations. Collier (1988, 1990) separated the outcrops on the Canal
walls into the Corinth Marl (Freyberg’s Kalamaki Strata), the 1% sub-sequence (Freyberg's
Lower Hauptkonglomerat), 2" sub-sequence (Freyberg’s Upper Hauptkonglomerat), and 3™
sub-sequence (Freyberg’s Gelbsandhorizont), including a 4™ and 5™ sub-sequences above the

existing strata interpreted by Freyberg. The earlier Kalamaki Strata were interpreted again as

3



Chapter 1 Introduction

the Corinth Marls, featuring a freshwater-to-marine transition. The Corinth Marls were then
capped unconformably by the aforementioned sub-sequences, with subaerial exposure of the
Corinth Marls before deposition of the 1% sub-sequence. Each sub-sequence was interpreted as
a transgressive unit consisting of beach-to-shoreface facies, with each sub-sequence separated

by an erosive or alluvial surface.

The sedimentology and structure of the Corinth Basin has been presented in Richard Collier’s
Ph.D. from 1988. He then used his Ph.D. as a base to create further publications about the
geology in the northern, central and southern parts of the basin (Collier, 1990; Collier and Dart,
1991; Collier and Thompson, 1991; Collier et al., 1992).

The tectonic and geological setting of the regional tectonic plates and the Gulf of Corinth Rift,
are thoroughly explored in several studies (McKenzie, 1970; McKenzie, 1978; Jackson et al.,
1982; Rohais et al., 2007; Bell, 2008; Ford et al., 2013).

1.4 Outline

After a brief introduction in chapter 1, chapter 2 presents the geological and tectonic setting of
central Greece and the Gulf of Corinth Rift, along with the tectonic and stratigraphic history of
the Corinth Basin. The 3™ chapter finishes the introductory part with the methods used to
complete this thesis. The 4™ chapter presents an introduction to the sedimentological field work
and then presents descriptions and interpretations of the different facies and Facies Associations
found in the Corinth Canal, with two simple depositional models. Chapter 5 starts with an
introduction of the stratigraphic work done during the field work, before it continues with
descriptions of the surfaces characteristic, the surfaces geometry and variability, and the
Tectono-Stratigraphic Units interpreted in the Canal. In Chapter 6 the results from the 4™ and
5t chapter are discussed in regards to Tectono-Stratigraphic evolution of the Canal outcrops,
correlation with Glacio-Eustatic Sea Level Curves, local tectonism and relative sea level, and
correlation of the deposits into close by offshore basins. The thesis is concluded by the summary

and conclusion presented in Chapter 7.
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2. Geological Framework

2.1 Introduction

The study area is located on the Corinth Canal, at the Corinth Isthmus approximately 80 km
west of Athens. The canal is located in the Corinth Basin, which is a sub-basin of the Gulf of
Corinth Basin system (Collier, 1990; Collier and Dart, 1991) The Corinth Basin follows the
same ESE-WNW trend as the Gulf of Corinth Basin (Collier, 1990; Collier and Dart, 1991).
The Corinth Basin lies in a seismically active region, with faulted margin boundaries towards
both north and south, defining a large-scale half-graben configuration for the Gulf of Corinth
(Jackson et al., 1982; Collier, 1990; Collier and Dart, 1991).

2.2 Regional Geology and Tectonic Setting

The Gulf of Corinth Basin lies on the Aegean plate, which is controlled by the movement of
three plate boundaries: The African, the Eurasian and the Arabian plates, with collision between
the Eurasian plate and the African and Arabian plates (McKenzie, 1970; Jackson et al., 1982).
Plate movement recordings for the last 3 million years show that the Arabian plate moves with
a speed between 18-25 mm/year at N21-25° while the African plate moves at 5-6 mm/year
toward north. (DeMets et al., 1990; McClusky et al., 2000).

The interaction between the African plate and the southward motion of the Aegean plate results
in the NE to N-directed Hellenic subduction zone, where the African plate is subducted
underneath the Aegean plate (fig. 2.1) (McKenzie, 1972; Le Pichon and Angelier, 1979; Le
Pichon et al., 1981). Associated crustal thickening and thinning processes are due to the
Hellenide Orogeny and the back-arc extension originated in the Oligocene (Le Pichon and
Angelier, 1979; Le Pichon et al., 1981; Ford et al., 2013).
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Fig. 2.1: Map showing the main structural features of the Hellenic Trench and the Aegean plate. The study area of the Corinth
Canal is indicated with a red square. KF = Kefallonia Fault, NAF = North Anatolian Fault, EAF = East Anatolian Fault, DSF
= Dead Sea Fault, HT = Hellenic Trench, P = Peloponnese. From Doutsos & Kokkalas (2001). Motion vectors of the African
and Aegean plates from Kahle et al. (1998).

Extension in the Aegean basin started in middle or late Miocene (2.12 — 15 Ma), with a peak in
the lower Pliocene, and has created numerous extensional systems with a NW-trend in central
Greece (Jackson et al., 1982; Armijo et al., 1996; Rohais et al., 2007). The origin of the
extension in central Greece is interpreted as a combination, or by one of the following
processes:

1. The back-arc extension caused by the African Plate being subducted at the Hellenic
Trench (fig. 2.1) (McKenzie, 1972; McKenzie, 1978; Doutsos et al., 1988; Bell et al.,
2009).

2. The influence of westward propagating faults with motion transfer from the North
Anatolian Plate to Central Greece (fig. 2.1) (Dewey and Sengor, 1979; Armijo et al.,
1996; Armijo et al., 1999; Bell et al., 2009).

3. Gravitational collapse of the thickened crust resulting from the Hellenide Orogeny
(Jolivet, 2001; Le Pourhiet et al., 2003; Bell et al., 2009).
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2.3 The Corinth Rift

The Gulf of Corinth Basin lies within the Corinth Rift, which is one of the most active rifts in
the back-arc extension of the Aegean plate (fig. 2.2) (Ford et al., 2013). The Corinth Rift started
its rifting process in late Miocene to early Pliocene, about 5 Ma, and is presently the most
seismically active zone in Europe, with an extension rate of up to 1.5 cm/year (Collier, 1990;
Armijo et al., 1999; Briole et al., 2000; Rohais et al., 2007). The Corinth Rift is a NW-trending
rift system undergoing N-S extension, with an associated fault dip of 45°NNE on the southern
margin (McKenzie, 1972; Jackson et al., 1982; Doutsos and Piper, 1990). The Rift system is
approximately 100 km long, consisting of several faults with segments that reach up to 20 km
in length (Roberts and Jackson, 1991). The large-scale geometry of the Corinth Rift is that of
an half-graben bounded by large normal faults and a series of en-echelon N-dipping faults on

the southern margin (Brooks and Ferentinos, 1984; Armijo et al., 1996).

The onshore syn-rift deposits of the Corinth rift consist of 3 groups: Lower, Middle and Upper
groups (Ford et al., 2013). The Lower Group (5-1.8 Ma) consists of fluvial-lacustrine deposits,
the Middle Group (1.8/1.5-0.7 Ma) consists of coarse-grained conglomeratic Gilbert-type fan
deltas in alternating marine and lacustrine conditions, and the Upper Group (0.7/0.5-Present)
consists of sandy to conglomeratic Gilbert-type deltas, with marine terraces and limestone
notches deposited in alternating marine and lacustrine conditions (Rohais et al., 2007; Ford et
al., 2013). The offshore sediments found in the Gulf of Corinth are divided into 2 units: Unit A
and Unit B (Ford et al., 2013). These are laterally equivalents to the onshore syn-rift deposits
of the Middle and Upper groups (Ford et al., 2013). Unit A is equivalent to the Gilbert-type
deltas of the Upper Group, which are building offshore into the Gulf of Corinth, and Unit B
consists of fine-grained facies which would correspond to the Gilbert-type deltas of the Middle
Group (Ford et al., 2013). The lower Seismic Unit, dated at 2.1-1.5 Ma to 620 000 years old
consists of lacustrine deposits, while the upper Seismic Unit, dated at 620 000 years old to
present, consists of interbedded marine and lacustrine deposits (Nixon et al., 2016). The
bounding surface in between, termed Horizon “U”, is a major basin-wide unconformity where
the deposits change from purely lacustrine to interbedded marine and lacustrine deposits (Nixon
etal., 2016).
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2.4 Chronology and Stratigraphy of the Corinth Basin

The sedimentary fill in the Corinth Basin is interpreted to overlie the basement rocks of the
Pindus Nappe Mesozoic limestones and the Mesozoic carbonates and Tertiary flysch of the
Gavrovo-Tripolitsa series, as it does in other parts of the Gulf of Corinth. (Collier and Dart,
1991; Flotté et al., 2005). The Basin fill stratigraphy is divided into two areas: The Northern
Basin and the Southern Basin (Collier, 1988; Collier, 1990; Collier and Dart, 1991; Collier and
Thompson, 1991).

?Upper Pliocene - Recent

Lower Pliocene

MNeogene - Recent

N

Palaesogene—emplaced
peridotite/serpentinite

Mesozoic:
Parnassos & Felagonian Zones

Pindos Zone

Gavrovo-Tripolis Zone

FE B

= —= Marine terrace

—M._. Normal fault

—dA . Thrust

Fig. 2.3: Map indicating the major structural and stratigraphic features of the Corinth Basin. The Northern Basin includes the
Corinth Canal and the region to the north while the Southern Basin comprises the area south of the Corinth Canal. AKFB =
Asprakhomata-Kalamona Fault Block, CFB = Charalampos Fault Block, TIFB = Trapeza-Isthmos Fault Block, KFB =
Kalamaki Fault Block. The rectangle in the square indicates the study area used by Collier & Dart to interpret the
sedimentology and stratigraphy in the Northern Basin (From Collier & Dart, 1991).

2.4.1 The Northern Basin

The Northern Basin consists of The Lower Pliocene Group which crops out in the
Asprakhomata-Kalamona- and Charalampos fault blocks, the Upper Pleistocene deposits of the
Trapeza-Isthmus Group, and a Holocene fan-delta which is exposed in the Kalamaki fault block
(Collier, 1988; Collier and Dart, 1991). The Lower Pliocene deposits found in the
Asprakhomata-Kalamona fault block are interpreted to be the oldest sediments exposed in the
Corinth Basin (Collier, 1988).
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The Lower Pliocene Group are syn-rift deposits, characterised by syn-depositional faulting
(Collier, 1988; Collier and Dart, 1991). The more than 800 m thick Lower Pliocene Group
consists of the Charalampos Marl Formation, the Charalampos Conglomerate Formation,
White Marl Formation, Kitrinovuni Sand Formation , Koudounistra Conglomerate Formation,
Drosia Conglomerate Formation, and is capped by andesites with an age of 3.5 — 4.5 million
years (Collier, 1988; Collier and Dart, 1991).

The central part of the basin consists of the Trapeza-Isthmos Group, exposed in the Trapeza-
Isthmos Fault Block (Collier and Dart, 1991). They are seen westward in the Upper Pleistocene
deposits of the Corinth Canal (Collier and Dart, 1991). The Corinth Canal is interpreted to have
a structure which consists of a central horst and subsequent fault blocks toward both NW and

SE, including development of a Graben in SE (fig. 2.4).

| " N margin of
sample | R
sample az;&‘s.tb 87.7.81 \ . Isthmia graben
\ | \
NW \.\ c 8 N \\ central horst \"‘ SE
D © «
L | -
: Loge: T7b 7a 6 . | Y
oo 00m Bl Sth and ‘\ Marine in ion ove '/
] horiz. & . arine incursion over /
vert. —— H} 4th 1st freshwater/brackish environments /
E:] 3rd [:] c‘;:inln' equiv, sample
0 . 87.29.8.1

sub-sequences

Fig. 2.4: Cross-section of the Corinth Canal. A-D marks the location of paleo cliffs (From Collier, 1990).

The outcrops exposed in the Canal have been have been interpreted by Collier (1990) to consist
of the Corinth Marls capped unconformably by 5 sub-sequences (fig. 2.4). The Corinth Marls
consist of marl deposited in a lacustrine to marine environment, marked by a marine incursion
in the upper part of the central horst (fig.2.4) (Collier, 1990). The sub-sequences consist of a
series of marine transgressive cycles, each of which is made of beach/foreshore conglomerates
which fine upwards into shoreface sandstones (Collier, 1990). The 4" and 5™ sub-sequences
also features soil profiles, alluvium soils and fluvial bearing sands indicating fluctuations in sea
level within the two sub-sequences (Collier, 1990). The 4" and 5" sub-sequences are only
located in a few small areas of the canal, with the Corinth Marls and the 1%, 2", and 3" sub-
sequence dominating the canal outcrops (fig. 2.4). The Canal features 4 paleo cliffs created
between some of the sub-sequences due to a relative fall in sea level. The sea level fall have

allowed waves to re-work the sediments below creating paleo cliffs A-D (Collier, 1990).

10



Chapter 2 Geological Framework

Age determinations on the Isthmus have been performed by Vita-Finzi and King (1985), Collier
(1990), and Dia et al. (1997). Vita-Finzi and King (1985) determined by “C technique the age
of Pinna fragilis and Crassostrea sp. bivalves found the NW and SE margins of the canal from
35 to 38 000 years old. The two bivalves from the Vita-Finzi & King study are taken from the
same stratigraphic package (Collier's 3" sub-sequence) as the corals dated at c¢. 205 000 years
old by Collier (1990) and 193 000 and 212 000 years old by Dia et al. (1997).

Collier (1990) on the other hand, dated corals found in three locations by 22°TTh/23*U. The corals
were sampled from the marine marls and the upper parts of the 2" and 3™ sub-sequences
(samples 87.7.8.1, 87.26.8.1b, and 87.29.8.1, respectively in Collier (1990)) (fig 2.4). The dates
obtained were older than 350 000 years for the Corinth Marl, ca. 312 000 years old for the 2"
subsequence, and ca. 205 000 years old for the 3™ subsequence. Dia et al. (1997) also used the
230Th/?**U-dating method on corals found near the canal. Their results are similar to Collier
(1990) ages: two samples older than 350 000 years in the Corinth Marl, a sample determined at
306 000 years in the 2" subsequence and two samples in the 3" subsequence near the Isthmia
Graben, at 193 000 and 212 000 years.

The Kalamaki fault block features a Holocene fan-delta that stretches from the S-dipping fault
separating the Trapeza-Isthmus- and Kalamaki fault blocks to the coastline of the Saronic Gulf
(Collier and Dart, 1991).

2.4.2 The Southern Basin

The Southern Basin contains marine deposits spanning from beach to shelf environment
(Collier, 1988). Time equivalent deposits to the ones found in the Corinth Canal (Upper
Pleistocene) include carbonate shelf and shoal environment facies (Collier and Thompson,
1991). The sediments were transported from the Aegean sea in the north, through a seaway
created by a narrow structural trough at the now developed Isthmia Graben (Collier, 1988;
Collier and Thompson, 1991). The area is dominated by tidally reworked oolitic calcareous
sandstones in large transverse and linear dunes, with only minor coarser clastic sediments as
observed in the northern/central basin (Collier, 1988; Collier and Thompson, 1991). After a sea

level fall, the Southern Basin became dominated by alluvial deposition (Collier, 1988).

11
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2.5 Tectonic setting of the Corinth Basin

2.5.1 The Northern Basin

The Northern Basin consists of 4 fault blocks: the Asprakhomata-Kalamona- (AKFB), the
Charalampos- (CFB), the Trapeza-Isthmos- (TIFB) and the Kalamaki Fault Blocks (KFB)
(fig.2.5) (Collier and Dart, 1991). Each of the fault blocks are bounded by southerly dipping
faults with a throw of more than 300 m (Collier and Dart, 1991). The extensional faults which
cuts through the Northern Basin features characteristics such as listric, planar and curved
normal faults with both N- and S-dip (Collier and Dart, 1991). The faults generally have a dip
up to 65° and the structures may be up to 500 meter (Collier and Dart, 1991). Most of the
structures seen in the Lower Pliocene sediments are post-depositional, but there are signs of
normal faulting which are deemed syn-depositional such as a rollover anticline (fig. 2.5),
angular unconformities between different members, and sedimentary dykes within the Drosia
Conglomerate Formation (Collier and Dart, 1991).

A KFB I YiFe _BJ CFB [ _AKFB

R

Fig. 2.5: A cross-section of the northern Corinth Basin. KFB = Kalamaki Fault Block, TIFB = Trapeza-Isthmos Fault Block,
CFB = Charalampos Fault Block, AKFB = Asprakhomata-Kalamona Fault Block (From Collier & Dart, 1991)

There are evidences of fault block rotation during the deposition of the Corinth Marls and
during the formation of the unconformity between the Corinth Marls and the 1% sub-sequence
(Collier, 1990). The Corinth Canal is divided up into a central horst, with a series of fault blocks
towards NW and SE (fig.2.4) (Collier, 1990). Block faulting during Upper Pliocene-Pleistocene
controlled the deposition of the Trapeza-lIsthmos Group (Collier and Dart, 1991). Syn-
sedimentary faulting also created the Isthmia Graben, which is found in the SE-part of the canal
(fig. 2.4) (Collier, 1990). Normal fault growth is the main control over the deposition of the 3™
subsequence in the Isthmia Graben (Collier, 1988).

The Lower Pliocene Group of the Kalamaki Fault Block has been submerged with only a
Holocene fan-delta extending through the fault block (Collier and Dart, 1991). The fan-delta
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was deposited due to fault-controlled subsidence of the fault block during Late Pleistocene
(Collier and Dart, 1991).

2.5.2 The Southern Basin

The accumulation of the southern basin deposits from the Aegean Sea were possible through a
fault-bounded seaway in the now known Isthmia Graben (Collier, 1988; Collier and Thompson,
1991). At this time the western part of the Saronic Gulf was subaerial, which made the creation
of a trough through Isthmia possible (Collier, 1988). The sediments where then routed by a syn-
sedimentary topography created by a normal fault scarp in the southern part of the basin
(Collier, 1988). This topography lead the sediments towards NW after passing southwards
trough the Isthmia seaway (Collier, 1988; Collier and Thompson, 1991). Other facies in the
basin also show deposition with respect to topographic normal faults, which indicates that these
are pre-existing faults (Collier, 1988). The alluvial deposits in the upper part were controlled
by syn-sedimentary tilt block faulting (Collier, 1988).

2.5.3 Uplift rates on the Corinth Basin

There are several events indicating uplift of the Corinth Basin. Uplift of the northern basin area
is most likely the reason for absence of Early and Upper Pleistocene sediments in the two
northernmost fault blocks (Collier and Dart, 1991). Uplifted marine terraces in the Charalampos
Valley show sign of uplift rates of 0.4 — 0.8 m/1000 yr in the northernmost fault blocks (Collier
and Dart, 1991).

Uplift is also evident in the Upper Pleistocene marine sediments of the Corinth Isthmus,
reaching almost 100 metres above the maximum sea level experienced in the Quaternary
(Collier, 1990; Collier et al., 1992). Dating of canal deposits show that the Isthmus have a
minimal uplift of 0.3 m/1000 year over the last 205 000 years (Collier, 1990; Collier et al.,
1992). The main driving cause for this uplift is yet unknown, since the basin does not appear to
be in a footwall position, and the nearest active fault with footwall uplift is too distant (Collier,
1990). However, White et al. (1987) interpreted the uplift to result from the isostatic response
to accretion of igneous material. Another theory is that it is due to “underplating of the North

Peloponnesian area by subducted sediment” (McKenzie, D.P., pers. comm. to Collier (1990)).
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3. Methods
3.1 Field Work

The field work was conducted during two different seasons, from the 18" of March to the 4%
of April 2015, and from the 24™ of September to the 15" of October 2015.

Traditional field techniques were utilized to obtain sedimentological data from the Corinth
Canal. These included detailed logging at centimetre scale, with particular emphasis in
describing lithology, bedding, sedimentary structures, textures, bioturbation, fossils and
boundaries. Samples of bivalves, gastropods and sediments were taken and brought to UiB for
further investigation. Due to the steep nature of the Corinth Canal walls, detailed field
observations and logging was restricted to the central horst and the fault blocks to the NW, as

these were the only locations where direct access to the exposures was possible.

Sequence stratigraphic analysis in the field was performed by visual analysis of the facies
stacking patterns and stratal terminations aided by the use of photo panels and a laser range
finder that was later complemented with the analysis of LIDAR scans in the lab. Due to oblique-
angled faults and fault blocks all the distances described in the further chapters are, unless

otherwise mentioned, performed on the western margin of the horst.
3.2 Lab work
3.2.1 LiDAR

LiDAR (Light Detection And Ranging) is a surveying method used to examine different aspects
of the Earth’s surface and atmosphere (NOAA, 2015). The LiDAR scanner normally consists
of a laser scanner, high resolution digital photographic camera and a DGPS receiver (fig. 3.1)
(NOAA, 2015). The use of LiDAR terrestrial scanning in this study is based on the geological
interpretation of fully 3D digital outcrop models of the Corinth Canal in Virtual Reality
Geological Studio software (VRGS; workflow developed in Hodgetts (2009) and Rarity et al.
(2014)). The acquisition and processing of the LIDAR data was undertaken by Martin
Muravchik and collaborators. The digital outcrop models thus obtained consist of high-
resolution 3D meshes that were subsequently interpreted in VRGS. The interpretations
consisted in digitizing the sedimentary surfaces (bedding, rock body boundaries, and
unconformities) and deformational structures (fault planes) mapped in the field on the 3D

meshes that integrate the digital outcrop model of the Corinth Canal. Analysis and interpretation
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of the LiDAR datasets allowed for complementing the observations made in the field and obtain

data from areas that were inaccessible in the Corinth Canal.

Fig. 3.1: Terrestrial LIDAR scanner (Riegl VZ-1000) used in the Corinth Canal. Photo taken by Martin Muravchik.

3.2.2 Digitalizing sedimentary logs and stratigraphic surfaces
The sedimentary logs were drafted at 1:20 scale and can be found in the appendix.

After the processing of the LiDAR-data, the main interpretations were carried out in Virtual
Reality Geological Studios v1.0.0.1. VRGS allows the user to open the LIDAR data and study
the outcrops in 3D view. It allows one to interpret and draw lines directly on the virtual outcrop.
The software was used mainly for interpreting the stratigraphic surfaces. The stratigraphic
interpretations were performed by identifying known and previously unknown markers, and
then by creating polylines following the position of the stratigraphic surface on the virtual
outcrop. Each polyline was a representation of a larger surface in a fault block, so each surface

created in VRGS consisted of several smaller polylines.

The polylines were subsequently exported into a GIS (ArcGIS: ArcCatalog v. 10.3.1 and
ArcMap v. 10.3.1) and interpolated into surfaces representing the different sedimentary unit
boundaries that allowed for generation of isochoric maps for different stages of the evolution
of the Corinth Canal.
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4. Facies and Facies Associations

4.1 Introduction

The sedimentary strata cropping out in the Corinth Canal have been divided into 12 different
facies based on; lithology/composition, sedimentary structure, texture, bioturbation, trace
fossils and colour. The lithofacies descriptions and interpretations are presented in table 4.1.
The lithofacies have then been further categorized into 7 different Facies Associations based on

recurring associations of facies (Table 4.2).
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Table 4.1: Lithofacies

Facies Composition = Thickness Structures Geometry Texture and Other Interpretation
(m)
F1 - Marl Calcite, silica | 0.6—2m | Weakly laminated to | Tabular bodies. Some areas rich in Deposited in a low energy
clay and silt. | thick units = non-structured Planar non-erosive | fossils consisting of environment with deposition
massive marl lower boundary. burrows and Pecten sp. | of silt and calcite, in an
Some beds exhibits = Non-fissile. offshore marine setting
undulating, erosive (Garcia-Garcia et al., 2009).
upper contacts Calcite may be deposited
through precipitation from
water column, or calcite
supplied from weathered
limestones.
F2 - Siltstone | Silt 0.4—-8m | Mostly bedded to Tabular to wedge- | Viviparus sp. insome | Deposited in a low energy
thick units | massive with presence | shaped bodies. silt beds. Darker environment allowing
of wedge-shaped Planar, non-erosive | coloured silt contain the | suspension and deposits of
intercalation between | contacts. Areas largest amounts of the | very fine grained material,
grey and brown with erosive, gastropod. Very thin typical for offshore facies in
colouring. Horizontal | irregular upper beds of coarser grains | lacustrine (Campbell, 1971
bedding, tilted- surface. with orange/dark brown | Benson, 2016).
inclined and slumped colouring. Bioturbation
bedding. present.
F3 - Very fineto | 0.4—-12m  Structureless massive | Tabular and Contain rare shells and = Deposited in a low energy
Sandstone fine sand thick units | to laminated strata lenticular, sheet- granule clasts. Poorly | environment below fair-

like bodies. Both
irregular and planar
upper surfaces with
both erosive and
non-erosive
contacts.

lithified.

weather wave-base, with
deposition of fine grained
sand. Shells indicate an
offshore transition zone in
either a lacustrine or marine
setting (Campbell, 1971).
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F4 - Mixed Veryfineto |0.2-5m | Massive sandstone. Tabular small-scale | High abundance of Deposited in a moderate to
siliciclastic fine thick units to sheet-like shaped | bivalves, gastropods high energy environment
carbonate sandstone large-scale bodies. | and corals. Some where abundance of marine
facies Sharp planar non- | sections are highly fauna indicate marine
erosive lower cemented. Corals are shoreface environment. High
boundary with no also present in some abundance of large bivalves
upper boundary areas indicate an upper shoreface
experienced in the environment with wave and
logged sections. current activity.
F5 - Poorly Veryfineto | Uptol0 | Massive Tabular bodies. No | Very poorly lithified Low to moderate energy
lithified fine m thick upper or lower sandstone with a large | environment with scattered
sandstone sandstone units boundary seen in amount of small marine = marine fauna indicating lower
logged section shells within. shoreface marine
Abundance of environment.
glauconite. Presence of
vertical orange lines
F6 - Very fine 0.35m Massive Lenticular body. Strongly lithified shells, | Deposited in a high energy
Cemented sand thick unit Sharp, irregular, with very small whole | environment responsible for
shells lower boundary and fragmented shells. | imbrication of shells. The
and a more gradual marine fauna indicate a
change with lesser marine upper shoreface
shells toward the environment affected by
top. Sharp, strong currents.
irregular, upper
contact
F7 - Fine 0.2-5m | Sandstone Lenticular bodies. | Semi-lithified Deposited in a moderate
Sandstone sandstone thick units | intercalation with Planar to irregular | sandstone. Different energy environment.
with irregular carbonate upper and lower minerals present, with | Glauconite indicate marine
cemented bands. Areas of boundaries glauconite dominating. = environment, most likely
carbonate slumped facies. The Pebble sized clasts are | shoreface deposition, with
bands sand has areas with present in some areas. | influence of calcite

trough cross-bedded

responsible for deposition of
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sediments carbonate bands.
F8 - Planar Fine 0.05-0.2 | Planar parallel- Tabular and Fine sand consisting of | Deposited in upper or lower
parallel- sandstone m thick stratified sandstone. lenticular bodies. different minerals with | flow regime with a
stratified units with Planar to irregular | glauconite quartz unidirectional current, with
sandstone mm to sharp non-erosive | dominating glauconite presence indicating
0.0l m lower and upper marine shoreface environment
bedding boundary. (Clifton, 1971).
F9 - Planar Fine to 0.05 - Planar cross-stratified | Tabular and Fine sand consisting of | Created by deposition and
Cross- coarse 0.25 thick | sandstone. Normal lenticular bodies. different minerals with | migration of 2D dunes by a
stratified sandstone. units with | graded to ungraded. Both erosive and glauconite and quartz unidirectional current in lower
sandstone bed Coarse grained sand | non-erosive dominating. Presence of | flow regime. Typical for
thickness | seen represents foreset | irregular upper and | granules. unidirectional currents in a
from mm | laminae. Planar- lower boundaries. marine shoreface environment
t00.02m | crested 2D dunes. (Clifton, 1971).
Low-to high-angled
and curved cross-
stratification with
tangential/asymptotic
and angular contacts.
F10 - Trough | Very fineto | Eachbed | Non-parallel, Lenticular bodies | Different minerals with | Created by deposition and
Cross- Very coarse between amalgamated, curved, | with concave up glauconite and quartz migration of 3D dunes in the
stratified sandstone. 0.03 and | bundled up built sets | beds. Irregular dominating. Some upper flow regime by a
sandstone 0.10 with | of sandstone. upper and lower granule sized clasts are | unidirectional current
eachunit | Ungraded and normal | boundary. present. Subrounded (Clifton, 1971). Glauconite
from 0.1 graded sets with larger grains. indicate marine deposition in
t0 0.5m clasts in the lower part upper shoreface environment

of the set. Sinuous-
crested 3D dunes.

highly affected by currents.
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F11- Granule to 0.03 - Mainly massive, Tabular and Polymict conglomerate | High energy environment
Massive pebble 0.10 m ungraded lenticular bodies. with sub-rounded to with strong currents capable
conglomerate | conglomerate @ thick beds | conglomerate. Often show sharp | rounded clasts. Fine of transporting pebbles.
Inverse-normal erosional lower sand matrix. Both Deposition in upper shoreface
grading is present. boundary with matrix- or clast- marine environment (Nemec
irregular upper supported and Steel, 1984)
boundary conglomerate.
F12 — Cross- | Granule to Ca.0.2m | Planar to convex Tabular and Clast-supported, A high energy environment
stratified pebble beds with | cross-stratified with wedge-shaped polymict with a unidirectional current.
conglomerate | conglomerate | units up to | normal to ungraded bodies. Often show | orthoconglomerate with | Low-angle stratification
16 m. conglomerate. Mostly | a sharp erosional sub-rounded to rounded | indicate a beach/foreshore

low-angled. Abundant
amount of pebbles.
Most clasts align
according to cross-
bedding, but also
regularly appearance
of vertically clasts.
Both tangential and
angular contacts
toward lower
boundary.

lower boundary.

grains. Fine to medium
sand matrix. Immature
matrix due to high
variation in minerals.

environment (Nemec and
Steel, 1984).
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Facies and Facies Associations

Fig. 4.1: (A) F1 - Marl (B) F2 - Siltstone (C) F3 - Sandstone (D) F4 - Mixed siliciclastic carbonate facies (E) F5 - Poorly lithified sandstone (F)
F6 — Lithified shells (G) F7 - Sandstone with cemented carbonate bands (CCB) (H) F8 - Planar parallel-stratified sandstone (I) F9 - Planar cross-
stratified sandstone (PCSS) (J) F10 - Trough cross-stratified sandstone (K) F11 - Conglomerate (L) F12 - Planar cross-stratified conglomerate
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4.2 Facies Associations

Table 4.2: Facies Associations and their lithofacies

Facies

. Environment Depositional Environment
Association
Lower Littoral to Upper Sublittoral lacustrine
FA1l
Terrestrial sandstones
Lower Sublittoral to Upper Profundal
FA2 . .
lacustrine siltstones
FA3 Foreshore/Beach conglomerates
FA4 Foreshore conglomerate spit deposits
FA5 Sub-aqueous Shoreface sandstones
Offshore-transition to offshore sandstone and
FAG ;
siltstone
FA7 Offshore calcareous mudstone
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Lithofacies
F3
F2, F3
F9, F12

F12

F3, F4, F5, F6, F7,
F8, F9, F10, F11

F2, F3

F1, F4
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4.2.1 Facies Association 1: Lower Littoral to Upper Sublittoral lacustrine sandstone

Description

Facies Association 1 is composed of light brown, very fine to fine sandstone, which consists of
lithofacies F3 (Sandstone). The facies association stretches laterally further than 1300 m in
NW-SE direction and at least 50-60 m in E-W direction. The thickness of packages may be up
to 12 m thick and stretches laterally as a large tabular package.

The sediments in the Facies Association are mainly horizontally bedded with some areas
showing massive very fine to fine sandstone. The sediments also show small fragmented shells
determined as the gastropod Viviparus sp. (Collier, 1990). There are no signs of evaporation,
or other major amounts of organic material within the Facies Association, indicating a clear

dominance of siliciclastic material.

Interpretation

The presence of the gastropod Viviparus sp. indicate a freshwater environment (e.g. Benson,
2016) with deposits of Viviparus sp. located in several lacustrine deposits (Burch, 1989;
Cavinato et al., 2000; Nury, 2000; Mandic et al., 2015). The fauna, in combination with no
apparent structures on the deposited very fine to fine grained sandstone, indicate freshwater
lacustrine deposits in a lower littoral to possibly upper sublittoral zone (Bohacs et al., 2000).
The presence of freshwater biota and no organic content, in combination with a clear dominance
of siliciclastic material, indicate deposition in a Fluvial-Lacustrine Facies Association, as
suggested by Carroll and Bohacs (1999). This lacustrine basin type would get a regular input
of freshwater and siliciclastic material, creating the dominance of siliciclastic deposits seen
here, with no deep-water settlement with anoxic waters, no high grade of organic content, or
any evaporite formation (Bohacs et al., 2000).
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4.2.2 Facies Association 2: Lower Sublittoral to Upper Profundal lacustrine siltstone

Description:

Facies Association 2 is composed of light brown and light grey siltstone with beds of dark grey,
very fine to fine sandstone and consists of F2 (Siltstone) and F3 (Sandstone). The Facies
Association is approximately 15 m thick, with a lateral extension of at least 900 m in NW-SE
direction and 50-60 m in E-W direction.

The siltstone, which dominates FAL, show both planar-laminated to wedge-shaped intercalation
of light brown and light grey lamination, or it is more massive lacking lamination and with no
apparent colour changes over several metres. The wedge-shaped intercalation is only present in
a 2 m interval which feature beds of 2 cm to 10 cm thickness with sharp, planar boundaries.
The massive siltstone could be up to 2 m thick without any discernible colour or textural
changes. The boundaries between the massive packages of different colour show sharp and
planar features. An entire siltstone package can be up to ca. 30 m thick without lithological
changes. The horizontal lamination and massive sediments show no visible lateral constraints
and extend extensively laterally and possibly along the entire length of the Facies Association.
The siltstone feature sharp, planar boundaries towards two packages, one 20 cm and one 2 m
thick, which consists of dark grey, very fine to fine sandstone interbedded with small packages
of grey siltstone (fig. 4.2). Both the 20 cm and 2 m thick interbedded siltstone and sandstone
package features a tabular, sheet-like body which stretch laterally at least 450 metres in NW-
SE direction, and with an E-W extension of at least 50-60 metres without any visible

constraints.

The siltstone and sandstones contain the small fragmented gastropod Viviparus sp. (fig 4.2)
(Collier, 1990), with a considerable increase in the 20 cm and 2 m packages of interbedded,
dark grey silt- and sandstone. The Facies Association does not exhibit any other pronounced
fauna in its deposits and other fauna is hard to distinguish due to the fragmented feature of the
gastropods. Bioturbation is also noticed amongst the fragmented Viviparus sp. and in areas of

massive siltstone.
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Fig. 4.2: Log section from the central horst, featuring lacustrine deposits with the influence of a subaqueous flow depositing a
lot of fragmented Viviparus sp. The log is taken approximately 28 metres up on the horst. The log scale is in centimetres.

Interpretation:

The presence of Viviparus sp., a fresh water mollusc inhabiting other lacustrine basins e.g.
(Burch, 1989; Cavinato et al., 2000; Nury, 2000; Mandic et al., 2015), indicates a freshwater
environment (Benson, 2016). The laminated to massive siltstone indicate deposition below the
fair-weather and storm-weather wave-base, which together with the fauna suggest a deep-water,
possibly lower sublittoral to upper profundal, in a freshwater lacustrine basinal setting, with
accumulation of the finest grained sediments through suspension during highstand sea level
(Olsen, 1990; Bohacs et al., 2000; Changsong et al., 2001). The interbedded 0.2 to 2 m packages
of very fine to fine sandstone, could be deposited as a result of subaqueous flows in a lake basin,
resulting in deposition of very fine to fine sandstone containing a lot of fragmented Viviparus
sp. (fig. 4.2). The lack of evaporites and general low degree of organic matter, except for the
small dark grey sandstone packages (fig.4.2), indicate deposition in a Fluvial-Lacustrine Facies
Association e.g. Carroll and Bohacs (1999). The deposits indicate an hydrologically open lake
with abundance of siliciclastic material and freshwater biota, such as Viviparus sp., with no
evaporites and minimal organic content present (Carroll and Bohacs, 1999; Bohacs et al., 2000).
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4.2.3 Facies Association 3: Foreshore/Beach conglomerate

Description:

Facies Association 3 is composed of inclined bedded conglomerates with small beds of planar-
cross stratified sandstone, and consists of facies F9 (Planar cross-stratified sandstone) and F12
(Cross-stratified conglomerate). The thickness of the packages range from 1 to 12 m, and the
Facies Association can extend laterally at least 1000 m in NW-SE direction, where there is a
considerable thickness increase towards NW, and at least 50-60 metres in E-W direction, as it

is found on both margins of the Canal.

The Facies Association features pebble to granule sized orthoconglomerate, where the clasts
longest axis rarely exceeds 64 mm, with mature, subrounded to rounded, and discoidal to
spherical clasts. The clasts are polymict with a large variance of lithologies, with red chert and
serpentinite identified as some of the lithologies. The conglomeratic packages feature a low-
angled inclined bedding with a 12-15° dip (F12) towards N to NW (fig. 4.3). The individual
sets of dipping conglomerate are ca 0.2 m thick, and clast-supported with imbricated
conglomerate clasts. The individual conglomerate sets laterally extends up to 30 m in NW-SE
direction. They are constrained either by the thickness of the Facies Association itself, or by the
climbing form of conglomerate beds depositing above. The conglomerate feature both angular
and tangential contacts towards the lower boundary of the Facies Association. Some clasts have
their longest axis orientated vertically, although most clasts longest axes are aligned according
to the overall low-angled inclination. The matrix in the conglomerate is immature fine to
medium sand. The conglomerates are both ungraded and fining upwards. The uppermost part
of the conglomerate often does not feature the same imbrication as the lowermost units, as the
area seems to get more sand, and fewer clasts in some areas. The fining upwards units of

conglomerates, transition into FA5 (shoreface sandstones).

Although most of the Facies Association is composed of N to NW inclined cross-stratified
conglomerates, there are also areas with conglomeratic cross-stratification directed SE. These
packages are ca. 2 m thick. These cross-bedded foresets show a higher angled cross-
stratification, up to 50 degrees, than the NW-dipping conglomerate sets. The sharp, planar,
upper and lower boundaries of the SE-directed cross-beds often show an NW-dipping
inclination aligned with the NW-dipping conglomerates. In other exposures the NW-inclined
conglomerate beds are interbedded with SE-directed planar cross-stratified sandstones (F9) (fig.
4.4). The sandstones are generally 10-20 cm thick and laterally extends for at least 3-4 m in
NW-SE direction. The sandstones show sharp, irregular contacts with the NW-inclined
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conglomerates and feature lenticular shaped bodies. The set laminae is high-angled, up to 45-
60 degrees, and in some cases consists of small granules. The same sandstone packages
interbedded with NW-dipping conglomerate are found directly across, on both margins of the

canal, which indicates that the area depositing them has an E-W extension of at least 50-60 m.
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Fig. 4.3: Low-angled NW-dipping conglomerate packages featuring fining upwards strata of FA3. Measuring stick is 1 metre
and the vertical scale on the log is in cm.
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Fig. 4.4: FA 12 with low-angled NW-dipping conglomerate (F12) featuring SE-directed planar cross-bedded sandstone (F9),
with a NW-dipping inclination in its lower part. Measuring stick is 1 metre and the vertical scale of the log is in centimetre.

28



Chapter 4 Facies and Facies Associations

Interpretation:

The low matrix content, the roundness and maturity of the clasts, and the low-angled inclined
imbrication of the clasts indicates a high energy environment (Clifton et al., 1971; Clifton,
2006; Reading, 2009). These observations, especially the low-angled stratified conglomerate
beds, in combination with a fining upwards character into shoreface sandstone, indicate a
beachface/foreshore depositional environment (Campbell, 1971; Clifton et al., 1971; Nemec
and Steel, 1984; Murakoshi and Masuda, 1992; Clifton, 2006). An increasing thickness of the
Facies Association along with the NW-dipping strata, indicate progradational and aggradational

packages of beach/foreshore conglomerate (Catuneanu, 2002).

The SE-migrating horizontal or inclined packages of clasts may indicate periods of current
reversal, caused either by strong tidal currents or storm waves, or by minor fluctuations in base
level creating a high energy landward directed current responsible for landward directed
sediment deposition (Clifton, 2006; Reading, 2009). The same interpretation can be made about
the high-angled landwards cross-bedded sandstone seen in-between the NW-dipping
conglomerate in some areas (fig. 4.4), only these current reversals have deposited cross-bedded
sand instead of cross-bedded conglomerate.

4.2.4 Facies Association 4: Foreshore conglomerate spit deposits
Description:

Facies Association 4 is composed of a package of cross-stratified conglomerates (F12). The
Facies Association varies from 1 to 8 m in thickness and laterally extends for at least 155 m in
NW-SE direction and at least for 50-60 m in E-W direction.

The Facies Association is comprised within a single unit consisting of inclined SE-dipping,
convex to planar climbing sets of lateral accretion surfaces with an angular lower contact. The
SE-directed foresets of this package is the only package in the area which features SE-dipping
foresets, with the surrounding packages showing a NW-directed dip of their foresets (fig. 4.5).
Each lateral accretion surface show a lateral extension which is up to 17 m, depending on its
location in the package, as the package features a changing thickness. The entire Facies
Association is comprised within a lenticular body, with sharp, irregular upper and erosive lower
contacts with the surrounding sediments of FA3 (foreshore conglomerates) below and FA5

(shoreface sandstones) above (fig. 4.5).
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Fig. 4.5: The section featuring the SE-dipping lateral accretion surfaces comprised within the continuous black lines, with a
sketch log of the area showing the vertical changes in deposits, with the arrow representing the described Facies Association,
FA4.

Interpretation:

The deposition of SE-inclined lateral accretion surfaces, which are opposite of the general
paleo-basinward stratification in the canal, indicate that these deposits where created by
currents depositing strata in a paleo-landward direction. With the bounding strata consisting of
FA3 (foreshore) and FA6 (shoreface) the deposits will most likely derive from a close by
environment, and gravel foresets indicate a near-shore environment due to the amount of energy
needed to transport the conglomerates (Nemec and Steel, 1984; Clifton, 2006). Deposition of
sets dipping the opposite way of prograding foreshore conglomerates could have happened as
a result of influence by oblique-angled waves, which creates a longshore current along the
shoreline (Komar and Inman, 1970; Nicholls and Webber, 1987). These longshore currents
could then result in the deposition of landward-directed foresets, and form a spit (Hiroki and
Masuda, 2000). An environment such as this, with a spit and prograding foreshore
conglomerates affecting each other, could be responsible for the vertical changes in landward
and basinward foresets. Similar deposits of paleo-landward directed gravelly foresets are found
in the Pleistocene Higashikanbe Gravel, central Japan, where the foresets are interpreted as a
spit platform during a Transgressive Systems Tract (Hiroki and Masuda, 2000).

30



Chapter 4 Facies and Facies Associations

4.2 .5 Facies Association 5: Shoreface sandstones

Description:

Facies Association 5 comprises different sections generally consisting of either very fine to fine
sandstone packages with occasional reworked trough-cross bedded strata, or gastropod, bivalve,
and coral packages in a mix of broken shells and sand (fig. 4.6), or packages with interbedded
coarse to very coarse sandstone and conglomerates with planar- and trough cross-beds (fig 4.7).
The Facies Association consists of lithofacies F4, F5, F6, F7, F8, F9, F10, and F11. The
thickness of the individual packages could vary from 1 to 15 m. Individual packages could
feature a lateral extension of up to 1000 metres in NW-SE direction, often with a marked
increase in thickness towards NW, and a lateral extension of at least 50-60 m in an E-W

direction.

The largest sections of the Facies Association are made up by F4, F5, and F7. Lithofacies F4
(mixed siliciclastic carbonate facies) feature with up to at least 5 m thick packages containing
abundant, reworked bivalves and gastropods with laterally extensive bodies up to at least 50-
60 m in E-W direction. Lateral extension along the canal, NW to SE, is difficult to determine
precisely, but at least 100-200 m sections of the bivalves and gastropods are seen. Large bodies
of F5 (Poorly lithified sandstone), featuring scattered gastropods and bivalves stretches laterally
in NW-SE and E-W for at least 100 m in an up to ca. 10-15 m thick sediment body. Sections of
F7 (sandstone with cemented carbonate bands) could stretch up to at least 5-6 m thickness with
a variance in bed thickness between each carbonate band, from 5 to 60-70 cm. F7 also included
slumped or deformed bodies of the sand to carbonate sediments and an occasional occurrence
of pebbles. Sections of S7 were found in an area laterally extending 50-60 m in E-W direction
and at least 20 m in NW-SE direction.

Other areas included a small, up to 0.35 m thick package of F6 (cemented shells), with sharp
irregular contacts and a lenticular body, which is found located between sections of F7 and F10.
It shows tightly cemented small-scale shells. 5-20 cm units of fine-grained sandstones of F8
(planar parallel-stratified sandstone) with bedding in mm scale, were found in between sections
of F7, F9, F10 and F11. They feature both tabular and lenticular bodies with sharp irregular
contacts to the surrounding sediments and show lateral extension in NW-SE direction of at least
10-20 metres. Areas of F10 (Trough cross-stratified sandstone) could feature in packages from
10 to 50 cm. The larger trough cross-bed packages normally consist of very fine to fine sand

while the trough cross-beds featuring coarse to very coarse sand, often with small granules

31



Chapter 4 Facies and Facies Associations

making up the lower part of the bundled foresets, are generally thinner and are found in
combination with F8, F9 and F11 (fig. 4.7).

The interbedded packages of coarse to very coarse sand and conglomerate packages of F8, F9,
F10, and F11 (fig. 4.7), which are found directly below FA3 (foreshore conglomerates), show
a lateral extent at least 50-60 m in E-W direction. The lateral extent in NW-SE direction is

difficult to determine due to limited exposures of these sections.

Generally, the sand grains found in the different facies mentioned above are made up by several
lithologies, with glauconite in high abundance. The grains are immature and range from angular
to rounded. The sandstones generally show very poor to poor lithification with sediments often
being easy to carve into. A general exception were the areas with high abundance of bivalves,

gastropods, or corals.

The sediments vary from areas with no bioturbation to areas with a high degree of bioturbation
(fig. 4.6), with the highly bioturbated areas dominated by vertical and horizontal burrows,
bivalves, gastropods, and corals such as: Acropora corals, Cardium sp., Archimediella sp. Solen
sp., A. noae, C. glaucum, L. lacteus, Lutraria sp., Natica, Tellina, Glycymeris glycymeris,
Ostrea edulis, Chama, Pecten sp., Pectunculus and Pinna sp. (von Freyberg, 1973; Vita-Finzi
and King, 1985; Collier, 1990). The bivalves and gastropods vary from very small to large,
between whole and fragmented, and are found in the massive very fine to fine sandstones with
a mixture of broken shell fragments. The shells are often reworked. They also vary in abundance
with some areas only featuring scarce examples of fossils, while they in other areas are almost
imbricated and impossible to carve through. In areas with low abundance, the bivalves are

almost exclusively smaller.
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Fig. 4.6: A logged section of the shoreface sandstone featuring a high abundance of bivalves with lithofacies F4 (Mixed
carbonate siliciclastic facies) within Facies Association FA5 (shoreface sandstones). The pen is 12 cm. Vertical scale on the
log is in centimetre.
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Fig. 4.7: A logged section of the upper shoreface sandstones featuring planar- and trough cross-bedded sandstone packages,
featuring lithofacies F8, F9, F10, and F11 within Facies Association FA5. Measuring stick is 1 metre, and the vertical scale of
the log is in centimetre.
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Interpretation:

The planar- and trough cross-bedding found in the sandstone are good indicators of a near-shore
marine environment. Fine to medium planar cross-stratified sandstone and fine to coarse trough
cross-stratified sandstones are good indicators of migration of longshore bars as a result of
unidirectional currents in a shoreface environment (Campbell, 1971; Clifton et al., 1971,
Clifton, 2006; Collinson et al., 2006; Reading, 2009).

The dominance of glauconite found in the sediments is another strong indication of a marine
environment (Odin and Matter, 1981). The larger clasts may have been transported into such

an area during periods of high energy, i.e. during storms, or by strong tidal currents.

The bivalves and gastropods present in the sediments are all marine molluscs (Vita-Finzi and
King, 1985; Collier, 1990; Dia et al., 1997). The reworking of gastropods indicate a wave
influence on the deposits, suggesting deposition above fair-weather wave base (Murray-
Wallace et al., 1996). The changes in abundance of the marine molluscs also indicate changes
between higher and lower energy environment, with high mollusc abundance and mollusc-
reworking indicating a high energy, most likely in a near-shore environment (Murray-Wallace
etal., 1996).

The sediments, structures and molluscs discovered in this Facies Association combined,
indicate sandstone bodies formed in a shoreface environment (Clifton et al., 1971; Clifton,
2006; Collinson et al., 2006; Reading, 2009). The differences in bioturbation, grain size and
structures indicate changes between a low and high energy shoreface environment. The area
featuring the deposits presented in fig. 4.7 indicate high-energy environment with wave
influence most likely in an upper shoreface transitioning to a foreshore environment (Clifton et
al., 1971). The same is likely for the deposits consisting of corals and high abundance of
reworked bivalves and gastropods, while the very poorly lithified sandstone with a few scattered
small shells, probably are deposited in a middle to lower shoreface environment (Murray-
Wallace et al., 1996). The increase in the thickness of different units of the Facies Association

towards NW, indicate an aggradational pattern to the deposition.
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4.2 .6 Facies Association 6: Offshore transition to offshore sandstone and siltstone

Description:

Facies Association 6 is composed of silt and very fine to fine sand and lithofacies F2
(Siltstone) and F3 (Sandstone). The individual thickness of the Facies Association varies in its
different locations from 40 cm to 13 m.

The very fine to fine sand is massive and contain different immature grains with abundant
glauconite. The sandstone packages are up to 3 m thick and show a lateral extension of at
least 50 m in NW-SE and 50-60 m in E-W direction. The packages feature sharp, planar to
irregular boundaries with tabular to lenticular bodies and a sheet-like larger scale body. The
siltstone features horizontal bedded strata with a small section featuring scattered small
granule-sized clasts. The siltstone units are up to 13 m thick and has a lateral extension of at
least 700 m in NW-SE and 50-60 m in E-W direction. There are small, almost invisible colour

changes between light grey and light brown sediments in the siltstone.

There are no signs of bioturbation or structures in the sand or in the NW-dipping silt.

Interpretation:

The immature glauconite grains in the sandstone indicate a marine environment (Odin and
Matter, 1981). The sandstone is also massive and feature no structures, which indicates a
depositional environment not affected by waves and currents, most likely below fair-weather
or storm-weather wave base, in an offshore-transition to offshore zone. The siltstone also
indicates deposition in a low energy environment, allowing deposition through suspension, in
this case deemed as marine offshore zone deposits, due to its vertical transition from
shallower shoreface marine deposits, and its composition consisting of fine grained silt
(Campbell, 1971). The sediments are therefore interpreted as offshore transition to offshore

deposits.
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4.2.7 Facies Association 7: Offshore calcareous mudstone

Description:

Facies Association 7 consists of non-fissile, light grey to white calcareous silt, with interbedded
sandstone bodies featuring burrows and bivalves, consisting of lithofacies F1 (Marl) and F4
(Mixed siliciclastic carbonate facies). The Facies Association laterally extends for at least 1000
m in NW-SE direction and with an extension of at least 50-60 m in E-W direction. It stretches
as a large tabular to wedge-shaped package, which gets eroded by overlying sediments of FA3
(foreshore conglomerates). The individual marl packages show a thickness from 15 cm to 12

m, while the smaller sandstone bodies range from 20 to 80 cm.

An area of bivalves with horizontal and vertical burrows in high abundance, within calcareous
silt, is located in the lowermost part of the Facies Association. The bivalves include Cardium
sp. and Pecten sp. The area featuring burrows and bivalves in the lowermost part extend
laterally for at least 450 metres in NW-SE direction and at least 50-60 metres in E-W direction
and is only constrained by faults. The Facies Association is followed upwards by horizontal
laminated and massive calcareous silt of F1, with a dominance of massive silt. In most parts the
bedded silt seem to extend laterally without any constrains, along an at least 450 m NW-SE
extent. The Facies Association also features interbedded sandstone bodies within the calcareous
siltstone. These sandstone bodies have a measured thickness between 20 and 80 cm, and consist
of very fine to fine sand with a presence of vertical and horizontal burrows along with other
bivalves. Some of the sandstone packages also features granule clasts within. The sandstone
bodies show both tabular bodies with sharp, planar boundaries and lenticular bodies with sharp,
irregular boundaries to the surrounding calcareous siltstone. The largest sandstone package can
be seen extending for at least 200 m in NW-SE direction, while some of the smaller ones are

only seen over a distance of a few metres.

Interpretation:

The bivalves of Pecten sp., Cardium sp. are marine molluscs indicating that the marlstones have
been deposited in a marine environment. The deposition of calcareous mudstone indicate a
depositional environment below storm-weather wave base, sheltered from exterior forces and
near-shore currents, in an area with mainly pelagic sedimentation (Sanders and Pons, 1999;
Garcia-Garcia et al., 2009; Lubeseder et al., 2009). This would allow deposition of silt and
calcium carbonate in an offshore zone on a siliciclastic shelf (Sanders and Pons, 1999; Garcia-
Garcia et al., 2009; Lubeseder et al., 2009). The small areas of bivalves and burrows in
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sandstone deposits are possibly deposited as a result of episodic supply of siliciclastic material
during periods of higher energy, possibly due to small fluctuations in sea level, storm ebb
surges, or turbidity flows (Garcia-Garcia et al., 2009). Marlstone deposition with interbedded
sandstone layers make these deposits very similar to the Marlstone deposits found in the Guadix

Basin, Spain (Garcia-Garcia et al., 2009).

Marlstone deposition indicate a mixture of calcite and silt in an offshore environment. The silt
is normally transported to offshore zones either via suspension during mass transport, or by
pelagic sedimentation (Aurell et al., 1998). The calcite would have a similar transport process,
but with deposition seaward of what seems to be a siliciclastic-dominated shelf, derivation from
mass transport from upper shelf seems unlikely for the calcite. The calcite may have been
deposited offshore either due to chemical precipitation and carbonate production directly from
the area, or through chemical weathering of carbonate bedrock located onshore or offshore
(Aurell et al., 1998; Lubeseder et al., 2009). The chemical weathering would create chemical
ions, which then in turn could have been transported to an offshore setting either via
groundwater or rivers, if the bedrock was onshore. When reaching the marine environment the
chemical ions could have been transported via suspension in the water column and been
deposited along with the silt below storm-weather wave base, to create a mixture of silt and
calcite (Aurell et al., 1998; Lubeseder et al., 2009).
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4.3 Depositional models

a) SE Lacustrine deposition - FA1 and FA2 NW

b) SE Marine deposition - FA3, FA4, FA5, FA6 and FA7 NW

Fig. 4.8: Two simple depositional models for the (A) lacustrine and (B) marine deposits exposed in the Canal.

To summarize the Facies Associations, two simple sketches, fig. 4.8, has been created. The
purpose is to show an approximate deposition of how the Facies Associations are distributed
within the respective lacustrine and marine depositional environments. FA1 and FA2 are
deposited in a fluvial-lacustrine basin with deposition from lower littoral to upper profundal
zone. FA3 and FA4 are deposited in a foreshore area within a marine environment. FA5
consists of sandstones deposited in a marine shoreface environment. FA6 consist of
sandstones and siltstones in a marine offshore-transition to offshore environment, and FA7
consists of calcareous mudstones (marlstones) which are deposited in an offshore marine
setting. The Canal section represent approximately how the Facies Associations are
distributed, from SE to NW, in the Canal outcrops. No structures or faults are added to these
sketches, as the Tectono-Stratigraphic evolution of the outcrops is discussed and presented in
Chapter 6.
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5. Sequence Stratigraphy

5.1 Introduction

The stratigraphic analysis was performed by visual analysis of the stratal geometry and facies
above and below the surfaces, in combination with sedimentary logging. This allowed sub-
division of the succession exposed in the Corinth Canal based on: I) bedding geometry, II)
facies characteristics, I11) abrupt shifts in facies, and I\V) colour changes.

This has led to observation of 5 key sequence stratigraphic surfaces and a divide into six
Tectono-Stratigraphic Units (fig. 5.1a) which are found in the various fault blocks in the canal.
The key sequence stratigraphic surfaces generally include major shifts in angularity, erosion,
and major landward/basinward shift in facies. There are also several other minor sequence
stratigraphic boundaries, such as landward and basinward shift in facies in addition to lithology-
boundaries with no indications of landward and basinward shifts. The Tectono-Stratigraphic
units are separated by using the characteristics of the individual surfaces and the facies within
the Tectono-Stratigraphic Units, which lead to indications of major Tectono-Stratigraphic Units
separated by period of non-deposition. The Tectono-Stratigraphic Units are also divided into

smaller Stratal Units, which are bounded by smaller sequence stratigraphic surfaces (fig. 5.1b).
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5.2 General overview of interpreted surfaces

There are a number of observed surfaces in the canal with different importance, therefore the
term key stratal surfaces is used throughout this chapter to describe the key sequence
stratigraphic surfaces which are used to separate the Canal into six Tectono-Stratigraphic Units.
A simple overview, with characteristics of the key stratal surfaces, minor sequence stratigraphic
surfaces and lithology-boundaries, are found in table 5.1.

Table 5.1: Overview of different surfaces and their characteristics

Characteristics identified on

Surfaces .
different surfaces
Angular unconformity,
truncation, onlap, downlap,
Key stratal surfaces 2,3,4,5,8 P P

facies shift, subaerial exposure,
wave-eroded cliff
Landward shift in facies 52,6.2,9, 11,13 Facies shift, flooding surface
Facies shift, conglomerate lag,
downlap, wave-eroded cliffs
Lithology-boundaries 11,1.2,42,43, 44 Facies shift

Basinward shift in facies 51,7,8,8,1, 8,210, 12

The surfaces show a wide variety of characteristics with the observations uncovering
unconformities, marker beds, planar/non-planar surfaces, erosive surfaces, lithology-
boundaries, wave-eroded surfaces, and surfaces were the lithology transition across the surface

may differ from fault block to fault block.
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5.2.1 Types of surfaces

Table 5.2: Surface type table

Surface Type
ST1 Angular unconformity
ST2 Disconformity
ST3 Wave-eroded cliff
ST4 Subaerial exposure

ST1 — Angular unconformity

Description:

Several of the surfaces in the Canal show angular differences between strata, with truncation of
the underlying angled beds, indicating several angular unconformities within the canal
outcrops. The surfaces are both horizontal and tilted. They have different characteristics with
them featuring a combination of clutches of crushed shell and siltstone in the area right above
the unconformity and clear erosion of the underlying strata packages. The surfaces separates
lithologies of siltstones from siltstones, siltstones from conglomerates, marlstones from

conglomerates, and sandstones from conglomerate.
Interpretation:

The angular unconformities seen in the Canal are due to rotation of fault blocks, which have
created an inclined strata which is later truncated by an overlying Unit depositing, in addition

to erosion from overlying Units which have created angular differences between Units.

ST2 — Disconformity

Description:

There are several surfaces that divide parallel bedded strata with no clear sign of an
unconformity. When traced further into surrounding fault blocks however, the surface often
changes towards angular unconformities with truncations, indicating an unconformity along the

entire surface. The surfaces separated sandstones from sandstones.
Interpretation:

The surfaces are interpreted as disconformities, or paraconformities, with parallel-bedded strata

where there are no clear signs of an unconformity, but correlates with identified unconformities.
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ST3 — Wave-eroded paleo cliffs

Description:

Some surfaces experience cliffs with a sudden step in elevation, which incises and erodes the
unit below. It creates an increase in accommodation space for the unit above. There are in total
four cliffs (A, B, C, and D) found along the surfaces and they vary in height from 3 to 10.5 m.
Surfaces onlap onto the eroded cliffs in the Unit above. They separate marlstones below from
foreshore conglomerates above, and most commonly shoreface sandstones below from

foreshore conglomerates above.
Interpretation:

The cliffs are created due to a stillstand in relative sea level, where wave motion have been able
to erode the sea floor for a prolonged time period (Collier, 1990; Papanikolaou et al., 2015).
These stillstand in sea level are part of smaller sea level fluctuations during a larger sea level

fall, or due to smaller sea level fluctuations due to tectonic forces.

ST4 — Subaerial exposure

Description:

The upper boundary of the marlstones depositing on the central horst show small depressions
and strongly cemented calcite along the boundary between marlstones below and foreshore

conglomerate above.
Interpretation:

The depressions in the marlstones indicate a dissolution of calcium carbonate with karstic
features along the surface. The strongly cemented and hardened marlstones indicate calcrete
formation. Both karst and calcrete formation are indicators of subaerial exposure of
calcareous rocks, which leads to the interpretation of subaerial exposure of the marlstones on
the horst (Lauritzen, 2011).
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5.3 Variability & Geometry

Description

The geometry of the surfaces is mostly dependant on the general geometry of the individual
fault blocks. The dip-directions of the key stratal surfaces are generally towards NW, from FN1
until FN5 (fig.5.1). At this point the dip-direction changes towards W to NW. This gradual shift
from NW-dipping towards W-dipping surfaces is evident NW of FN6, where all the key stratal
surfaces have a W-dip. The paleo cliffs all have a W-dip, even if the surrounding surfaces show
N to NW dip.

The dip of the surfaces varies throughout the fault blocks. They generally vary between 1 and
4 degrees in their extent NW of FN1. A general observation, which is present throughout, is the
low angle of surface 4, the base of Tectono-Stratigraphic Unit 4. While the surfaces below show
a higher dip between 3 & 4 degrees towards NW, surface 4 generally show a 0.5-1.5 degree
dip. The different key stratal surfaces, Surfaces 3, 4 and 8 are all angular unconformities where
the Tectono-Stratigraphic Unit above truncates the dipping strata in underlying Unit. The
truncation and angular unconformities are noticed between FN1 and FN4 for Surface 3, between
FN1 and FN4 for Surface 4, and between FN1 and FN1.1 and NW of FN6 for Surface 8 (fig.
5.1).

The geometry of the key stratal surfaces SE of FS1 follows the general geometry of the fault
blocks, with some small exceptions. The individual fault blocks vary between N & NW-dipping
surfaces. The key stratal surfaces between FS1 and FS4 have an N-dipping geometry, the key
stratal surfaces between FS4 and FS5 have a NW-dip, between FS5 and FS7 they have a mix
between N and NW-dip, with dominance towards N-dip, and between FS7 and FS8 they show
a NW-dip.

As with the dip-direction, the dip of the individual key stratal surfaces also mostly depends on
the fault block. Although the dip of an individual key stratal surface may have a very small
decrease from one fault block to another, the general dip of the surfaces show a dip increase
towards SE. This is exemplified by the average dip of the key stratal surfaces being c. 1 degree
between FS1 and FS3, before it increases to 3 degrees between FS3 and FS4, 4 degrees between
FS4 and FS6, 5 degrees between FS6 and FS7 and eventually increased to around 7-8 degrees
between FS7 and FS8 (fig. 5.1).
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All dip and strike measurements of interpreted surfaces are attached within a table in the

appendix

Interpretation

With both the dip-direction and dip-angles showing the same data vertically in almost every
surface in the Fault Blocks SE of FS1, the dip-direction and dip-angles are interpreted to derive

from post-depositional rotation of the fault blocks in the area SE of FS1.

The geometry and dip of surfaces in the fault blocks NW of FN1 are interpreted as results of
various stages of fault block rotation. The angular unconformities and truncations witnessed at
the key stratal surfaces 3, 4, and 8, indicate a rotation of the fault blocks which have cause the
strata to tilt towards W to NW. With tilting of strata in various fault blocks and truncation and
angular unconformities at each key stratal surface, this indicate rotation of the fault blocks after

deposition of each Tectono-Stratigraphic Unit NW of FNL1.
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5.4 Tectono-Stratigraphic Units

This subchapter focuses on describing and interpreting the different Tectono-Stratigraphic
Units found in the Corinth Canal. The Canal has been divided into six different Tectono-
Stratigraphic Units (fig. 5.1a) separated by key stratal surfaces, with 14 minor Stratal Units
(fig. 5.1b), separated by minor sequence stratigraphic boundaries within the Tectono-
Stratigraphic Units. The Tectono-Stratigraphic Units are divided due to characteristics of
facies within each of the Units and their stacking pattern, in addition to a divide based heavily
on the interpretation of surfaces. The bounding key stratal surfaces are interpreted to feature
either major landward/basinward shifts in facies and/or clear truncation and angular
unconformity between the deposits, indicating a time period of non-deposition. The surfaces
separating the minor Stratal Units are interpreted as minor landward or basinward shifts in

deposits.
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Fig 5.1: Schematic cross-section of the western margin of the Corinth Canal, featuring (A) the divided Tectono-Stratigraphic Units, and (B) the divide into
minor Stratal Units based on minor sequence boundaries. The numbers mark the key stratal surfaces. Horizontal scale is in metres. Vertical scale is exagerrated.
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5.4.1 Tectono-Stratigraphic Unit 1

Description

Tectono-Stratigraphic Unit 1s base is not exposed as it lies under sea-level and is bounded at
the top by Surface 2. The Unit consists of lacustrine siltstone bodies with a few packages of
very fine to fine sandstone (Lithofacies F2 and F3 and Facies Association FA2). The Tectono-
Stratigraphic Unit is divided into two smaller Stratal Units separated by an angular

unconformity. The Unit extends from FS3 to FN1, across 960 m (fig. 5.1a).
Stratal Unit 1 consists of siltstone with a high-angled dip towards NW

Stratal Unit 2 consists of horizontally laminated to massive siltstone. There are fragmented
gastropod shells of Viviparus sp. (Collier, 1990) scattered throughout the siltstone. The upper
part of the unit is characterized by two packages of dark grey very fine to fine sandstone 0.2 to
2 m thick, containing abundant small fragments of Viviparus sp. interbedded with the siltstone
(fig. 4.2). The sedimentary beds of the Unit dip towards FN1 on the NW part of the horst. The
dipping is seen up to 200 m SE of FN1 (fig. 5.2).

No exposed base surface makes thickness measurements impossible.

On the horst, the Unit is mainly horizontal with no tilt, but folding in the beds towards FN1
creates a NW to N tilt. The tilt and tilt-angles both NW and SE of the horst is further described
and interpreted in subchapter 5.3 and will not be repeated for the individual Tectono-

Stratigraphic Units, as the Units SE of FS1 are very similar which would make it very repetitive.

The upper boundary, surface 2, truncates the top beds of Unit 1 over the fold developed towards
FN1 (fig.5.2).

Interpretation

The sediments are deposited in a lacustrine lower sublittoral to possible upper profundal
environment in a fluvial-lacustrine basin (FA2) (Bohacs et al., 2000). This environment is
responsible for the large subparallel bedded siltstone packages featuring the freshwater
gastropod Viviparus sp. (Collier 1990) and an occurrence of subaqueous flows depositing thin

sandstone packages near the upper boundary (Bohacs et al., 2000).

The folding of the beds and the upper surface of the Unit towards FN1, indicate the development
of a monocline fold due to the vertical propagation of blind fault FN1 (fig. 5.2) (Gawthorpe and
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Leeder, 2000; Willsey et al., 2002). This would have created a dip towards N to NW in the beds

of the upper Stratal Unit and the upper surface experienced in the Canal (fig 5.2).

Legend:
NN\ Cross-bedding

~1 Truncation

™ Downlap

| Tectono-Strat unit 1
[ ] Tectono-Strat unit 2
|| Tectono-Strat unit 3
[ Tectono-Strat unit 4
|| Tectono-Strat unit 6

Fig. 5.2: Tectono-Stratigraphic Units 1, 2, 3, 4, and 6 in the vicinity of FN1. The Tectono-Stratigraphic Units 1 to 3 all show
evidences of fault-propagation folding towards FN1, due to fault breaching of the earlier monocline structure after deposition
of Tectono-Stratigraphic Unit 3.
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5.4.2 Tectono-Stratigraphic Unit 2

Description

Tectono-Stratigraphic Unit 2 is bounded by Surface 2 at the base and surface 3 at the top. This
Unit consists of lacustrine sandstone and siltstone with a lateral change between the two
lithologies across FN1. It consists of lithofacies F2 and F3 and Facies Association FA1 and
FA2. The Unit extends from FS5 to FN4, across 1615 m (fig.5.1a). It has a tabular external

geometry.

Unit 2 composition varies laterally from massive or laminated sandstones southeast of FN1 to
parallel-bedded siltstones northwest of FN1 (fig. 5.2). The laminated or massive sandstones on
the horst contain very small fragments of Viviparus sp. (Collier, 1990) and folds towards FN1
(fig. 5.2). The parallel-bedded siltstone NW of FN1 is tilted towards NW and is truncated by
the upper surface, which is an angular, erosional unconformity featuring crushed clutches of
shell and siltstone in the area above the surface.

The base, surface 2, features a change from siltstone below to sandstone above. Surface 2
truncates the top beds of Unit 1 over the monocline fold developed towards FN1. The surface
is down-faulted NW of FN1. SE of FS1 Surface 2 is down-faulted beneath sea level SE of FS3.

Thickness measurements are constant throughout the Unit, with an approximate thickness of 12

m.

Unit 2 is folded in the horst, dipping to the SE towards FS1 and dipping to the NW towards
FN1 (fig. 5.1 and 5.2). The dipping towards FN1 is seen up to 200 m SE of FN1.

Interpretation

The base, Surface 2, marks a change from lacustrine lower sublittoral to upper profundal (FA2)
below, to lacustrine lower littoral to upper sublittoral (FA1) above (Bohacs et al., 2000). This
change indicates a basinward shift of facies in the lacustrine basin, as littoral to sublittoral
sandstone packages prograded towards the basin centre and deposited on top of the deeper

lacustrine siltstones (Bohacs et al., 2000).

The sandstone sediments SE of FN1 are deposited in a lacustrine littoral to sublittoral zone
(FAL), evident by the freshwater gastropod Viviparus sp. NW of FN1 the Unit consists of
lacustrine siltstone of sublittoral to profundal zone (FA2) (Bohacs et al., 2000). These are

deposited in a fluvial-lacustrine basin (Bohacs et al., 2000).
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The reason for lateral variation across FN1 might be a blind propagating fault which have
affected the beds of this, and the underlying deposits, and created a monocline. With a
monocline already affecting the below lying Tectono-Stratigraphic Unit 1, before deposition of
Tectono-Stratigraphic Unit 2, it could have created increased accommodation space NW of the
horst. This might have created a deeper water environment NW of FN1, where it changes from
lower littoral/upper sublittoral sandstones in the horst, to lower sublittoral/upper profundal
siltstone NW of FN1 (fig. 5.2) (Bohacs et al., 2000; Gawthorpe and Leeder, 2000; Willsey et
al., 2002). The blind propagating fault creating the monocline, also affects these deposits after
deposition, as it could be the reason for the NW-dipping beds and bounding surfaces of this
Unit towards FN1. The blind propagating fault created a monocline structure within this Unit
as well, before eventually surface breaching after Tectono-Stratigraphic Unit 3, creating the
folding presently seen in the outcrops (fig. 5.2) (Gawthorpe and Leeder, 2000; Willsey et al.,
2002).
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5.4.3 Tectono-Stratigraphic Unit 3

Description

Tectono-Stratigraphic Unit 3 is bounded by Surface 3 at the base and Surface 4 at the top. Unit
3 consists of lacustrine sandstone and siltstone with lateral variation of facies across FN1. This
unit consists of lithofacies F2 and F3, and Facies Association FA1 and FA2. Unit 3 is exposed
between faults FS5 and FN6 (fig. 5.1a). The Unit has a tabular external geometry.

SE of FN1 the Unit consists of subparallel bedded to massive sandstones, while it NW of FN1
consists of subparallel to minor tilted parallel-laminated and slumped siltstone (fig. 5.2). The

subparallel to massive sandstone contains fragmented bits of the gastropod Viviparus sp.
(Collier 1990) and is folded towards FN1 (fig. 5.2). The subparallel to slightly tilted parallel-
bedded and slumped siltstone NW of FN1, show a higher inclination of beds between FN2 and
FN4, than between FN1 and FN2, and F4 and FN5, where the beds are almost subparallel.

Legend:
N\ Cross-bedding
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Fig. 5.3: The Tectono-Stratigraphic Units immediately NW of FN1, with the angular unconformity between Unit 2 and 3.

Tectono-Stratigraphic Unit 3 base is Surface 3 (fig. 5.1a). SE of FN1 the surface marks a change
between massive and subparallel bedded sandstones across the surface. NW of FN1 the surface
marks a change from parallel-bedded siltstone with a NW tilt below, to subparallel laminated
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and slumped siltstone above (fig. 5.3). Between FN1 and FN4 the unconformity has crushed

shells and siltstones above, in the lowermost part of this Unit (fig. 5.3).

Southeast of FS1 the Unit has an even thickness of approximately 3 m (fig 5.1). From FS1
towards FN1 the thickness increases from ca. 3 m at FS1 to ca. 14 m at FN1. NW of FN1 the
thickness is ca. 16 m, but would be thicker if it were not for the wedge-shape in Tectono-
Stratigraphic Unit 4 above, which erodes the beds if this Unit immediately NW of FN1 (fig
5.1). The maximum thickness is reached between FN1.1 and FN4 where the thickness is 25 m
(fig. 5.1).

The unit is folded on the horst, dipping to the SE towards FS1 and dipping to the NW towards
FN1 (fig. 5.2). The dip towards FN1 is seen up to 200 m SE of FN1.

Interpretation

The lower surface marks a separation of lower shoreface to offshore transition lacustrine
deposits and is angular unconformity with truncation of the Unit below, as the NW-dipping
siltstone below is truncated by the slumped unit above in the Fault Blocks towards NW.

The sandstones SE of FN1 are deposited in a lacustrine lower littoral to upper sublittoral zone
(FAL) (Bohacs et al., 2000). NW of FN1 the Unit is deposited in a lacustrine lower sublittoral
to upper profundal depositional environment (FA2) (Bohacs et al., 2000). The sediments are

deposited in a fluvial-lacustrine basin (Bohacs et al., 2000).

The lithology change across FN1, from sandstone to siltstone, in addition to the beds on the
NW part of the horst folding towards FN1, might come as a result of the same faulting event.
FN1 acts as a blind propagation fault during deposition of the Unit and have already created a
monocline in the below lying Tectono-Stratigraphic Units. The continued blind propagation of
this fault could be responsible for the sediment packages in the horst to fold towards FN1, as it
has created a monocline structure as it has propagated through the deposits, before eventually
surface breaching after deposition of this Unit and created the folding seen in the outcrops (fig.
5.2). With a monocline created in the underlying Tectono-Stratigraphic Units, before deposition
of these beds, the change from sandstone to siltstone across the fault may result from differences
in water depth from the footwall to the hanging-wall of FN1. This resulted in a change from
lower littoral/upper sublittoral to a lower sublittoral/upper profundal zone across FN1. The

slumped siltstone in this Unit, located between FN1 and FN4, is likely caused by syn-
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sedimentary slumping of the Unit as it has been deposited down-slope above the monocline

feature in the deposits below (Collinson et al., 2006).

The increase in thickness observed from the horst across FN1, is interpreted to result from the
development of the monocline fold discussed earlier, where an increase in accommodation

space NW of FN1 could be responsible for the thickness increase of the Unit.

The lacustrine deposits of Tectono-Stratigraphic Unit 1 to 3 show an overall progradational
stacking pattern, with a basinward movement of the lacustrine shoreline which deposits littoral
to sublittoral facies above sublittoral to profundal facies. Progradation of a lacustrine basin
indicates a sediment supply which exceeds the available accommodation space, characteristic
of an overfilled lake basin (Bohacs et al., 2000).
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5.4.4 Tectono-Stratigraphic Unit 4

Description

Tectono-Stratigraphic Unit 4 is bounded by Surface 4 at the base and Surfaces 5, SE of the
horst, and 8, NW of the horst, at the top. The Unit show lateral variation in facies, and generally
consists of marine deposits of carbonate to siliciclastic sediments, deposited in foreshore,
shoreface and offshore environments. The unit consists of lithofacies F1, F2, F3, F4 and F11,
and Facies Associations FA3, FA5, FAG, and FA7. The Unit has a tabular geometry. The Unit

is exposed for 2505 m, across the entire interpreted Canal section (fig. 5.1).
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Fig. 5.4: The lateral variation in facies occurring in Tectono-Stratigraphic Unit 4. Horizontal scale in the figure is in metres.

From 0 to 515 m (fig.5.4) the Unit consists of sand with a minor presence of shells. From 515
to 1655 m (fig.5.4) the Unit consists of massive to subparallel bedded marl with burrows and
shells, interbedded with small sandstone packages. The distance from 1655 to 1795 m (fig.5.4)
feature a sandstone package with gastropod and bivalve-filled sandstone, before the Unit
between 1795 and 1875 m (fig.5.4) feature a transition from the gastropod and bivalve-filled
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sandstone in its lower parts, to siltstones in its upper part. Between 1875 and ca 1950 m (fig.5.4)
the gastropod and bivalve-filled sandstone is separated from the siltstone by beds featuring
highly fragmented shell and sand, clast-supported conglomerate, and highly fragmented shell
and sand-filled matrix-supported conglomerate. The siltstone above these beds show a parallel-
bedded tilt towards NW from 1875 to 2505 m (fig.5.4), with siltstone beds getting truncated by
the overlying Unit.

The base, Surface 4, marks a change from lacustrine sandstone and siltstone below, to foreshore
conglomerates, shoreface sandstones and offshore marl above. The base surface truncates
inclined beds of the underlying Unit between FN1 and FN1.1, and FN2 and FN4 (fig. 5.1).

The thickness variations in the Unit change across faults, and due to erosion from the overlying
Unit. SE of FS1 the thickness slightly decreases between FS2 and FS3 (fig 5.1), and feature
thickness increases from footwall to hanging-wall across FS4 and FS4.1 (fig 5.1 and 5.5). On
the NW part of the horst, the Unit gets thinner due to erosion by overlying conglomerates, in
addition to creation of paleo cliff A, which decreases the thickness by ca. 3 m (fig. 5.1 and 5.2).
NW of FN1 there is a wedge-shape onto the horst which increases the thickness across FN1
(fig. 5.2). The thickness increases across FN1.1, before a small antithetic fault in relation to
FN3 decreases the thickness slightly. It reaches its maximum thickness NW of FN1, between

FN4 and FN5, of 14-15 m, after a large thickness increase across FN4.

Between FS1 and FN1 the Unit is folded with tilt towards SE to E in the SE part of the Horst,

with a small change towards NW-tilt towards FN1.

Interpretation

The base, Surface 4, indicates a major landward shift in deposits and a major flooding surface
at this boundary. NW of FN1 the surface is interpreted to have a period of non-deposition with
enough time span to rotate the 1%, 2"@ and 3" fault blocks, to allow it getting a dipping strata in
Tectono-Stratigraphic Unit 3, which is later truncated by the deposition of Tectono-
Stratigraphic Unit 4. The marine incursion across this surface has either occurred due to a
eustatic rise in relative sea level, which have flooded the area, or a major subsidence of the area,
which would result in a marine incursion above the lacustrine sediments with no variations in

eustatic influence.

The unit is interpreted to be deposited in foreshore, shoreface and offshore zone marine

environments (FA3, FA5, FAG, and FA7). The decrease in sediment grain-size from sandstones
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in the SE towards marlstones in the horst and siltstones towards the NW is interpreted to reflect
a SE source of sediments. The sandstones and conglomerates between 1655 and 1950 m (fig.
5.4), may be deposited due to a transgressive lag where shoreface sandstones and foreshore
conglomerates have been deposited above the base surface as the sea starts to rise, with

siltstones depositing above after the sea level have risen.

The thickness changes experienced in the unit seem to be dominated by changes across specific
faults, or by truncation by the overlying Unit. The slight decrease in thickness experienced
between FS2 and FS3, is due to a higher inclined base than upper surface. The upper surface
show an angular unconformity as the Unit above truncates the tilted parallel-bedded strata of
this Unit, and causes the slight decrease experienced in this interval. The following faults; FS4.1
(fig. 5.5), FS4 (fig. 5.5), FN1, FN1.1, FN3, and FN4, all show a thickness increase in the
hanging-wall of the Unit. These faults show signs of syn-sedimentary normal fault growth,
indicated by a clear increase in thickness from footwall to hanging-wall, including a wedge-
shape of the Unit onto FN1 (fig. 5.2 and 5.3) (Gawthorpe and Leeder, 2000; Hongxing and
Anderson, 2007). This happens due to surface breaching of the individual faults at the Units
base, Surface 4, creating increased accommodation space in the hanging-wall (Cartwright et al.,
1998; Hongxing and Anderson, 2007). FS5 also features fault-propagation folding as the fault
have blindly propagated and folded the strata into a monocline, before at a later point breaching
it, and created folding of the Units strata on each side of the FS5, as seen in the outcrops (fig.
5.5).

Since the upper surface on the NW part of the horst and NW of FN1 separates Tectono-
Stratigraphic Unit 4 and 6, and not Tectono-Stratigraphic Units 4 and 5, as it does SE of FS1,
the two upper surfaces of this Unit are not time-equivalent. The upper surface NW of FN1,
surface 8, actually truncates the upper surface extending SE of FS1, surface 5. This makes
aspects like comparing thicknesses across the horst difficult, as the Unit have experienced
differences in erosion. The upper surface NW of FN1 is a major unconformity and Tectono-

Stratigraphic Unit 5 is missing from the succession in this area.
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*! Legend:
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Fig. 5.5: Area between FS4 and FS6, featuring Tectono-Stratigraphic Units 3 to 5. Both FS4 and FS4.1 show normal fault
growth with increase in thickness of Tectono-Stratigraphic Unit 4 in the hanging-walls. FS5 show a fault-propagation fold.
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5.4.5 Tectono-Stratigraphic Unit 5

Description

Tectono-Stratigraphic Unit 5 is bounded by surface 5 at the base and surface 8 at the top. This
Unit consists of deposits of carbonates to siliciclastics, deposited in foreshore to shoreface and
offshore marine environments. The unit consists of lithofacies F1, F3, F4, F9, F10, F11, F12,
and Facies Association FA3, FA5, and FA7. The Unit has a tabular external geometry. The
Tectono-Stratigraphic Unit is divided into 3 smaller Stratal Units separated by minor sequence
stratigraphic boundaries (fig. 5.1b and fig. 5.6). It is exposed laterally from FS8 to the central
part of the horst (fig 5.1a).

The lowermost stratal unit, Stratal Unit 6 (fig 5.1b), consists of marlstones from the horst until
FS3. Between faults FS4 and FS6 it is composed of NW-dipping cross-bedded conglomerate,
SE-dipping cross-bedded sand and laminated to massive sand in the lower part of the package.
From 0 to 305 m the Unit also features a conglomerate bed in the middle part of the unit, which

increases in thickness towards SE, before fining upwards to laminated sand towards the top.

Stratal Unit 7 (fig 5.1b) consists of marlstones from the horst until FS3. From FS3 to FS7 the
uppermost part of the unit contains gastropods and bivalves, while surface 6 features a
conglomerate lag in the area above the surface, from FS3 to FS8. Other features include a varied
abundance of clasts in the area above the conglomerate lag, thin layers of conglomerate, planar-
and trough cross-bedded sandstone, and some scattered bivalves which have been noticed in
exposed sections between FS5 and FS6. From 0 to 60 m there are also two NW-dipping

conglomerate packages.

The uppermost stratal unit, Stratal Unit 8 (fig 5.1b), is composed of marlstones which is both
massive and horizontally bedded until FS3. From FS3 to FS4 the Unit has small pieces of
shell/clasts near the lower surface. From FS4 to FS8 the stratal unit consists of matrix supported
conglomerate. The strata is mainly horizontally bedded, with NW-dipping cross-bedded strata

with climbing sets between FS7 and FS8.

The base, Surface 5, marks a change from marine marl and shoreface sandstones below, to
marine marl, shoreface sandstones and foreshore conglomerates above. It represents an angular
unconformity and a truncational surface in the interval between FS4 and FS5, with a separation
of shoreface sandstones below, and foreshore conglomerates above (fig. 5.5). Between FS1 and

FS4 the surface does not feature any erosional traits and is characterised as a disconformity.
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The Tectono-Stratigraphic Unit thickens from the horst and until FS8. The thickness is
decreased immediately SE of FS1, by a wedge-shape of the Unit above (fig. 5.1), which erodes
the sediments of this units. The thickness of the Unit is approximately 20 m after the wedge-
shape before it increases towards SE. There are thickness increases noticed within the different
Stratal Units of Tectono-Stratigraphic Unit 5. These increases are related to changes across
faults, from footwall to hanging-wall. These increases are seen across faults FS2, FS3, and FS4.
The increase in thickness across these faults is focused around an increase in the middle and

upper Stratal Units.

The Unit show a SE tilt on the horst.

Interpretation

The change from marl to shoreface sand and foreshore conglomerate packages in its span SE
of FS1 could indicate an antecedent shoreline SE of the sediments which have supplied the area
SE of FS4 with more foreshore conglomerates, wave-current influenced sandstones with
planar- and trough cross-bedded strata and reworked molluscs. The area spanning NW of FS4
would then have been further into a shelf and offshore environment, reflected in the sediments
by the change from coarser grained sediments in SE to offshore marl deposits in the near

vicinity of, and on the horst.

The base, Surface 5, does not show any major changes across its surface SE of SF1, until the
interval between FS4 and FS5 (fig. 5.5). There, the basal surface separates shoreface sand below
from cross-bedded NW-dipping conglomerate above. This change is most likely caused as a
result of a relative fall in sea level, which have allowed coastal sediments to be transported from
SE with the NW-dipping conglomerate above the surface being deposited in a paleo-basinward
direction. There are indications of a sea level fall across the lower surface in the area furthest
SE, which is not that prominent towards NW, as the base surface only separates packages of
marl on the horst. This may indicate an antecedent shoreline to SE, which supplies the
sediments. With an antecedent shoreline in SE, a minor sea level fall would have a larger effect
on the deposits furthest SE, as they are closer to the shoreline, then i.e. the marls on the horst,
which lies further into and offshore zone and might not experience the sea level variations as
much. The angular unconformity and truncation of beds in the Unit below, especially between
FS4 and FS5 (fig. 5.5), and FS4.1 breaching the base surface of this Unit and dying out (fig.

5.5), indicate that there have been a time-period between deposition of the Tectono-
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Stratigraphic Units 4 and 5. This would allow tilting of the Unit below, and FS4.1 to be buried
at the base, before the deposition of Tectono-Stratigraphic Unit 5.

The internal thickness changes seen towards SE seem to revolve around small thickness
changes across the faults FS2, FS3 and FS4. Across the faults FS3 and FS4, the uppermost
Stratal Unit shows a thickness increase from footwall to hanging-wall, which indicate surface

breaching of the faults at the base of Stratal Unit 8 (Hongxing and Anderson, 2007).

Tectono-Stratigraphic Unit 5 features several landward and basinward shifts in facies, all of
which are observed in the Fault Blocks furthest toward SE. Two significant surfaces within
Tectono-Stratigraphic Unit 5 are Surfaces 6 and 7 that separate Stratal Units 6 from 7, and 7
from 8. Both surfaces separate shoreface sandstones below from foreshore/coastal
conglomerates above, implying basinward shift in facies for each case. They feature
conglomerate lag and NW-dipping conglomerates above surface 6 and climbing sets of

conglomerates, possibly representing foreshore conglomerates, above surface 7.

There are also several minor landward and basinward shift in facies within the individual Stratal
Units (fig. 5.6). Stratal Unit 6 has two internal flooding surfaces and one basinward shift in
facies, represented by changes from foreshore conglomerates to shoreface sandstones,
separating the Stratal Unit into two minor sets of fining upwards strata, separated by a fall in
relative sea level (fig. 5.6). In Stratal Unit 7 there is generally a large fining upward from the
conglomerate lag and clasts at the base of the Stratal Unit, to upper shoreface sandstones (fig.
5.6). However, in the interval from 0 to 60 m, there are two sets of cross-bedded NW-dipping
conglomerate packages, one at the base of the Unit, and one in the centre of the Unit, indicating
two flooding surfaces and one basinward shift in facies within the Stratal Unit. Thus this Stratal
Unit may also be divided into two smaller sets of fining upwards strata between FS7 and FS8.
Stratal Unit 8 consists of the same facies throughout, and does not show any internal landward

or basinward shifts in facies.

The fining upwards from foreshore conglomerates to shoreface sandstones indicate several
transgressive events during deposition of the sediments, which are cut by a relative sea level
fall. The repeated deposits of prograding conglomerates overlain by aggrading shoreface
sandstones as the sea level start to rise, indicate a repeated deposition of Lowstand- (LST) and
Transgressive Systems Tract (TST), which is then cut off by a falling relative sea level, before
repeating itself (Catuneanu, 2002). The first flooding surface between the conglomerates and

sandstones, which show a change from LST to TST is termed a Maximum Regressive Surface
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(Helland-Hansen and Martinsen, 1996), while the base of the LST, created after a sea level fall,

is interpreted as a Correlative conformity sensu Hunt and Tucker (1992).

A series of transgressive events cut off by a fall in relative sea level, which is seen throughout
Tectono-Stratigraphic Unit 5, is characteristic of an uplifting shoreline, which the Corinth Canal
area features (Collier, 1990).

Legend:
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Fig. 5.6: Fault Blocks between faults FS4 and FS6, with stratal units 6 and 7 within Tectono-Stratigraphic Unit 5 showing
fining upwards trends. Stratal Unit 6 shows two smaller fining upwards packages, with Stratal Unit 7 showing a fining upwards
throughout its package. Stratal Unit 8 consist of the same facies throughout the stratal unit and does not feature any internal
facies shifts.

The interpretation of shifts between shoreface and foreshore/coastal conglomerate deposits are
supported by Papanikolaou et al. (2015) who have been able to take core samples in the south-
eastern area of the canal, near the Saronic Gulf (fig. 5.7). Their core logs, taken down to 35 to
50 m depth, indicate the same kind of interbedding between foreshore/coastal conglomerates
and shoreface sandstones, at depths which approximately correspond to the section found above
surface 4. Their core logs show much larger sections of gravel and conglomerate interpreted as
coastal conglomerates, and thinner sections of shoreface deposits. This implies sediment supply
for Tectono-Stratigraphic Units 4 to 6 from the SE, with their core logs possibly taken more
proximal to a possible SE antecedent shoreline (fig. 5.7). This would create a section from SE
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to NW in the canal with a close by shoreline near the Saronic Gulf, with much deposits of
coastal conglomerates as stated by Papanikolaou et al. (2015), before it changes towards less
conglomerate and more shoreface sand in the sections present in figure 5.6, and then a change
towards offshore marl deposits near and on the central horst, furthest NW of a possible SE
shoreline (fig. 5.7). Other signs supporting a close-by shoreline SE of the interpreted sections,
are the conglomerate packages which almost exclusively show a dip towards NW, in what
would be a paleo-basinward direction, and the fining of strata towards NW in Tectono-
Stratigraphic Unit 5, where the deposits of marlstones are deposited in the area around the horst,

in an area distal of a possible SE antecedent shoreline (fig. 5.7).

Saronic Gulf

(e sleaar I~
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Fig. 5.7: 3D view of the Canal based on Google Earth. Locations of the boreholes taken by Papanikolaou et al. (2015), the area
present in the fig. 5.6 and the central horst are placed within the map to give the reader an approximate overview of the
placement of the previous described features.
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5.4.6 Tectono-Stratigraphic Unit 6

Description

Tectono-Stratigraphic Unit 6 is bounded by surface 8 at the base and its top is eroded by present
day topography. The Unit consists of lithofacies F3, F4, F5, F6, F7, F8, F9, F10, F11, and F12,
and Facies Associations FA3, FA4, and FAS5. Tectono-Stratigraphic Unit 6 consists of six
smaller Stratal Units (fig. 5.1b and 5.8), which can be summarized as three units consisting of
foreshore conglomerates (FA3, FA4) and three units consisting of shoreface sandstones (FA5).
The Unit extends across the entire length of the interpreted canal area.
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Sandstone

Conglomerate
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Tectono-Stratigraphic
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Tectono-Stratigraphic
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Fig. 5.8: Tectono-Stratigraphic Units 4 and 6 in the area around paleo cliff B. Tectono-Stratigraphic Unit 6 is divided into 6
smaller Stratal Units. Tectono-Stratigraphic Unit 6 shows intercalation of foreshore conglomerates and shoreface sandstones.

Stratal Units 9, 11 and 13 (fig. 5.8) consist of beach/foreshore conglomerates with low-angled
cross-beds dipping towards NW, downlapping onto the basal surface (fig. 4.3). There are other
structures seen within each of the stratal units. SE-dipping high-angled foresets with
conglomerates, a large erosive spit deposit (FA4) are seen within Stratal Unit 11 (fig. 4.5 and
fig. 5.8). Shoreface sandstones and conglomerates featuring coarse grained sand and planar-
and trough cross beds are found underneath the cross-bedded conglomerate in Stratal Unit 11
(fig. 4.7). In the lower part of stratal unit 11 there are interbedded planar-cross bedded
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sandstones with a SE-directed dip within the cross-bedded NW-dipping conglomerates (fig.
4.4). A package of massive sandstones is deposited beneath the cross-bedded NW-dipping
conglomerate in some areas in Stratal Unit 9. SE of FS1 Stratal Unit 9 consists of shoreface
sandstones with shelly sand and cross-bedded NW-dipping packages of conglomerate, sand and

shells.

Stratal Units 10, 12 and 14 consist of shoreface deposits with high to low abundance of bivalves,
gastropods and corals (fig. 4.6), cemented carbonate bands (fig. 4.1g), planar- and trough cross-
bedded sandstones, and subparallel bedded to massive sandstones. The sandstones are often

poorly lithified.

The basal surface, surface 8, stretches across the entire interpreted area. NW of FN1 the surface
marks a change from marine offshore marlstones and siltstones, and shoreface sandstones
below, to foreshore/beach conglomerate above. Southeast of FS1 two contrasting facies patterns
occur across Surface 8: an appearance of basinwards shift immediately SE of FS1 (marl below,
conglomerates above) and landwards shift of facies on the rest of the fault blocks (foreshore
cross-bedded conglomerates below, shoreface sandstones above). On the horst, the surface
features strongly lithified calcite, in addition to karstic features like small depressions noticed
in various areas along the surface where the underlying Unit consists of marl. It features
truncation and angular unconformities in several places along its extent. The surface erodes the
entire length of the horst, where Tectono-Stratigraphic Unit 5 eventually is completely eroded
(fig 5.1). Paleo-cliff A is created on the base surface immediately SE of FN1 (fig. 5.2).

Tectono-Stratigraphic Unit 6 shows an increase in exposed thickness towards NW and SE of
the horst. No upper boundary make thickness measurements impossible, but there is generally
an exposed thickness increase seen over a larger wavelength, and generally not affected by
faults. The individual Stratal Units increases in thickness as they are deposited across hundreds
of metres NW of FN1 (fig 5.1). The cross-bedded conglomerate of stratal unit 9, 11 and 13
show vertical up building and lateral outbuilding NW of FN1. The sandstone bodies of stratal
unit 10, 12 and 14 show an increase in thickness with vertical up building NW of FN1. There
are larger variations within the Stratal Units of the Tectono-Stratigraphic Unit, i.e. as paleo-
cliffs A, B, C and D affect the deposits, where there is an increase of foreshore conglomerates
above the cliffs, with erosion and decrease of thickness in the shoreface sandstones below. Due

to the formation of paleo cliffs B (fig. 5.8) and C on its upper boundary, Stratal Unit 10 show a
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decrease in thickness of approximately 18 m NW of FNG6. Stratal Unit 11 however, show an

increase of approximately 18 m, due to the formation of paleo cliffs B and C on its basal surface.

Interpretation

The basal surface, surface 8, is split into two parts. NW of FN1 it divides Tectono-Stratigraphic
Unit 4 from 6, whereas southeast of FS1 it divides Tectono-Stratigraphic Units 5 and 6. To the
northwest of FN1 the basal surface shows a change from marine marl, shoreface sandstones
and offshore siltstones to foreshore conglomerate deposits (fig. 5.8). This change indicates a
major basinward shift in deposits. This indicates a substantial period of time across this surface
NW of FN1, as the entire package of Tectono-Stratigraphic Unit 5 is missing from the exposed
outcrops NW of FN1. The surface shows signs of subaerial exposure with karstic features and
strongly lithified calcium carbonate, which indicate calcrete formation, on the entire length of
the horst. This indicates that at least the horst has experienced subaerial exposure before
deposition of Tectono-Stratigraphic Unit 6. Creation of cliff A on the basal surface is due to a
higher frequency stillstand fluctuation in sea level, during a lower frequency sea level fall,
allowing waves to erode the underlying strata (Collier, 1990; Papanikolaou et al., 2015). This
sea level fall has most likely occurred after deposition of Tectono-Stratigraphic Unit 5, and not
after Tectono-Stratigraphic Unit 4, as the entire length of this surface on the horst feature the
karst and calcrete formations, and there are no indication of a major sea level fall between the

marine marls deposited in Tectono-Stratigraphic Units 4 and 5 on the horst.

Increased accommodation space have been created SE of FS1, due to surface breaching of the
fault at the basal surface. Subsidence of the hanging-wall leads to isostatic uplift of the footwall,
in this case the horst. This leads to subaerial exposure of the horst. The surface breaching have
created a wedge-shape of Stratal Unit 9 towards FS1, with deposits of conglomerates possibly
derived from the subaerial exposed horst (fig. 5.9). With an antecedent shoreline further towards
SE supplying the area SE of the horst, there may be areas where the lower surface SE of FS1
changes between landward and basinward shift in deposits. The area closest to FS1 may have
received conglomerates either via longshore transport from north as stated by Collier (1990),
or erosion from the subaerial exposed horst. This would create an appearance of basinward shift
in facies near FS1 where there previously have been deposited offshore deposits of marl below,
during a highstand sea level. The fault blocks furthest towards SE however, may have been
closer to an antecedent shoreline, where there have been several variations in sea level. The
shoreline during deposition of Tectono-Stratigraphic Unit 5 may have been a bit further towards
NW, with foreshore conglomerates depositing further NW below surface 8. Following surface
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breaching of FS3 and FS5 at the base of this Unit, it would cause further subsidence of the fault
blocks in SE, and lead to a retrogradation and the shoreline moving further SE. This would
create a landward shift in facies in the fault blocks furthest to SE, as illustrated in fig. 5.9.

SE NW

Landward shift  Deposition of shoreface Appearence of
sandstones basinward shift

infacies Conglomerate sourced from
erosion of the horst

Shoreline in facies

| g ey ey ! = = e eloT el
gl e g el e e gy ey gl gy el S

P e T e

F51
Marl de;nés
Shoreface sandstones (Tectono-Stratigraphic Unit 5)

Foreshore conglomerates ., . .
(Tectono-Stratigraphic Unit 5) (Tectono-5tratigraphic Unit 5)

Fig. 5.9: Sketch of a possible evolution of Stratal Unit 9 SE of the horst, with surface 8 showing a landward shift in facies in
SE, with an appearance of basinward shift in facies in the vicinity of FS1.

Stratal Unit 9 show two different sediment bodies on each side of the horst, with sediments SE
of FS1 consisting of a mix of shoreface sandstones with some areas of cross-bedded
conglomerate (fig. 5.9), whereas the sediments NW of FS1 consists of cross-bedded NW-
dipping conglomerate. A possible reason for the change in sediments might be that during the
lowering of sea level between Tectono-Stratigraphic Units 5 and 6, and subaerial exposure of
the marls on the horst as a result of surface breaching of FS1 and FN1 creating isostatic uplift
of the horst, there may have been a smaller water body between the central horst and a possible
antecedent shoreline towards SE (fig.5.9), in addition to a new shoreline at the SE and NW part
of the horst. This would create time-equivalent strata with two separate lithology-bodies on
each side of the horst. With small inputs of foreshore sand with NW-dipping cross-beds and
shoreface sand SE of FS1, the package has most likely received sediment from an antecedent
shoreline SE of the horst (fig. 5.9). The conglomerate with a NW-dipping cross-beds NW of
FN1, could then have been transported by longshore currents from the north, and started to
prograde towards NW as suggested by Collier (1990), or through erosion of the subaerial

exposed horst.

The Tectono-Stratigraphic Unit towards NW feature several facies shift within, with both
landward and basinward shift in facies (fig. 5.8). There are 5 significant sequence boundaries,
with 2 basinward and 3 landward shifts in facies that separates the different Stratal Units within
Tectono-Stratigraphic Unit 6 (fig. 5.8). The progradational and aggradational style of the
foreshore conglomerates, which happens after a period of falling sea level, overlain by a
flooding surface and aggradational shoreface packages above, indicates that the Tectono-
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Stratigraphic Unit is comprised of successions of Lowstand- (LST) and Transgressive Systems
Tracts (TST) (Catuneanu, 2002). Progradational and aggradational packages of foreshore
conglomerates, in combination with them overlying a subaerial unconformity, are indicators for
a Lowstand Systems Tract (Catuneanu, 2002). The Transgressive Systems Tract deposits are
then deposited when the sea level increases and aggrading shoreface sandstones replaces the
progradational conglomerate bodies. These packages of foreshore conglomerates and shoreface
sandstones are separated by a Correlative conformity, sensu Hunt and Tucker (1992), at the
base of the progradational and aggradational foreshore conglomerates of LST, with a Maximum
regressive surface (Helland-Hansen and Martinsen, 1996) separating LST and TST, between
the foreshore conglomerates and shoreface sandstones. These are then cut off by a fall in sea
level, before the deposition repeats itself. These repeated transgressive events with fining
upwards strata, capped by a relative sea level fall are, as stated in Tectono-Stratigraphic Unit 5,

common on shorelines featuring a continuing uplift (Collier 1990).
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6. Discussion

6.1 Tectono-Stratigraphic evolution of the Corinth Canal deposits

SE NW

Lacustrine

|
FS8 FS7 FS6 FSSFSA.1 Fs4 FS3 52 Fs1 Central Horst FNT ENLTFN2FN3 FN4 FN5 FN6

551 Conglomerates Sandstones Sittstones D Tectono-strat unit 1

Fig. 6.1: Deposition of Tectono-Stratigraphic Unit 1. The drawing of faults below the strata indicates that they are blindly
propagating, but they have not breached any of the present surfaces at the time. Not to scale.

Deposition of Tectono-Stratigraphic Unit 1 in a fluvial-lacustrine basin (fig. 6.1). The Unit
consists of lacustrine siltstone in a lower sublittoral to upper profundal/deep water lacustrine
setting (FA2) (Bohacs et al., 2000). FN1 is blindly propagating through the deposits creating a
monocline structure. Also blind propagation of FS1 and FS2. The relative position of the faults

are marked, even though they are not affecting the strata packages yet.
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Siltstones Marlstones I:‘ Tactono-strat unit 1 I:l Tectono-strat unit 2

Fig. 6.2: Deposition of Tectono-Stratigraphic Unit 2. The drawing of faults below the strata indicates that they are blindly
propagating, but they have not breached any of the present surfaces at the time. Not to scale.

Deposition of Tectono-Stratigraphic Unit 2 in a fluvial-lacustrine basin following a
progradation and basinward shift of facies across the base key stratal surface (fig. 6.2).
Southeast of FN1 the Unit consists of lower littoral to upper sublittoral sandstones (FAL), with
lower sublittoral to upper profundal/deep-water siltstone (FA2) NW of FN1 (Carroll and
Bohacs, 1999; Bohacs et al., 2000). The change from siltstones to sandstones across FN1, is

due to an increase in water depth across FN1, due to the monocline structure created by FN1
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propagating blindly. FN1 continues to propagate blindly through Tectono-Stratigraphic Unit 2,
creating a monocline structure in this Unit. Blind propagation of FN1, FN1.1, FN2, FN3, FS1,
and FS2 are ongoing.

SE NW

Lacustrine

FS8 FS7 FS6 FS5 FS4.1 FS4 3 R Central Horst FNT FNLIFNZEN3 N4 ENSFNG

d D Tectono-strat unit 1 D Tectono-strat unit 2 D Tectono-strat unit 3
Sandstones Siltstones Marlstones

Fig. 6.3: Deposition of Tectono-Stratigraphic Unit 3. The drawing of faults below the strata indicates that they are blindly
propagating, but they have not breached any of the present surfaces at the time. Not to scale.

Legen

Deposition of Tectono-Stratigraphic Unit 3 in a fluvial-lacustrine basin (fig. 6.3). The Unit
consists of lower littoral to upper sublittoral zone sandstones (FA1), SE of FN1, and lower
sublittoral to upper profundal siltstones (FA2), NW of FN1 (Bohacs et al., 2000). The change
from sandstones to siltstones across FN1, is due to the earlier monocline structure of the
sediments across FN1, which have created deeper water depths NW of FN1 (Willsey et al.,
2002). FN1 breaches the upper surface of Tectono-Stratigraphic Unit 3 after deposition of this
stage, which creates the fault-propagation folding seen in the exposed outcrops. Surface
breaching is also experienced by the faults FN1.1, FN3, FN4, FN6 and FS4, with blind
propagation of FN2, FS1, FS2, FS3, and FS4.1.

SE NW
Sea lavel

| 11 ] ] 1
FS8 FS7 FS6 FS5FS4.1 FS4 FS3 52 51 Central Horst ENT FNTTFN2EN3 FN4 ENSFN6

D Tectono-strat unit 1 l:l Tectono-strat unit 2 D Tectono-strat unit 3 ‘:’ Tectono-strat unit 4
;| Conglomerates Sandstones Siltstones Marlstones

Legend:

Fig. 6.4: Deposition of Tectono-Stratigraphic Unit 4. The drawing of faults below the strata indicates that they are blindly
propagating, but they have not breached any of the present surfaces at the time. Not to scale.

Deposition of Tectono-Stratigraphic Unit 4 in a shoreface to offshore marine setting with FA3,
FADL, FAG, and FA7, after a major landward shift in facies due to a major flooding of the Canal
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area after deposition of Tectono-Stratigraphic Unit 3 (fig. 6.4). A transgressive lag is found
from FN2 to immediately NW of FN6. Sediment supply from SE is inferred due to a coarsening
of grains toward SE. Thickness increases are due to surface breaching faults at the base
boundary of this Unit. Surface breaching of faults FN1, FN4, FS2, and FS4 at the upper
boundary of Tectono-Stratigraphic Unit 4 with blind propagation of FN2, FN3, FN5, FS1, FS3,
FS4.1, FS5, FS6, and FS7. FN1 and FNG are buried at this point.

SE | NwW

Sea level

FS8 FS7 FS6 FS5FS41 Fs4 F$3 2 K Central Horst FNT ENLIFN2FN3 FN4 NS FN6

l:l Tectono-strat unit 1 I:I Tectono-strat unit 2 |:| Tectono-strat unit 3 l:l Tectono-strat unit 4 I:I Tectono-strat unit 5
Legend: __. - _
B

o Conglomerates F1 Sandstones [ siltstones | Marlstones

Fig. 6.5: Deposition of Tectono-Stratigraphic Unit 5. The drawing of faults below the strata indicates that they are blindly
propagating, but they have not breached any of the present surfaces at the time. Not to scale.

Deposition of Tectono-Stratigraphic Unit 5 in a foreshore, shoreface and offshore marine
setting with a base level fall across the lower boundary of the Unit SE of FS1 (fig. 6.5). Central
horst is exposed after deposition due to surface breaching of FS1, with subsiding fault blocks
towards SE, causing isostatic uplift of the horst, which may, in combination with lowering of
sea level, be responsible for the subaerial exposure. Longshore currents transporting
conglomerate start depositing NW-dipping foreshore conglomerates NW as stated by Collier
(1990). The area SE of the horst is supplied with conglomerates either via longshore currents
or due to erosion of the subaerial exposed horst, depositing immediately SE of FS1. Surface
breaching of FN1, FS1, FS3, and FS5 at the upper boundary of Tectono-Stratigraphic Unit 5.
Blind propagation of FS2, FS4, FS6 and FS7. FS4.1 and FN1.1 are buried at the base surface
of Unit 5, with FN6 buried at the base of Unit 4. In the faults NW of FNL1 it is not possible to
indicate surface breaching as Tectono-Stratigraphic Unit 5 is missing from the exposed outcrops
NW of the horst.
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Fig. 6.6: Deposition of Tectono-Stratigraphic Unit 6. Not to scale.

Deposition of Tectono-Stratigraphic Unit 6 in a foreshore to shoreface environment with FA3,
FA4, FA5, and FAG (fig. 6.6). The Unit consist of recurring foreshore and shoreface deposits.
The deposits occur due to changes in base level with regression followed by transgression. This
repeats itself to create several units of foreshore-to-shoreface deposits, separated by a base level
fall. Every fall in sea level is accompanied by a wave eroded cliff at the upper surface of the
shoreface sandstones. They are created due to wave erosion during periods of sea level stillstand
as the relative sea level sinks. No indications of fault activity within Tectono-Stratigraphic Unit
6, and the faults are drawn up to the base of surface 8, with later surface breaching of the

sediments above.
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Fig. 6.7: The present exposed outcrops in the Corinth Canal.

The exposed outcrops of the Corinth Canal at present time, due to uplift and erosion. The faults
are cutting through all of the strata, with exception of FN1.1 and FS4.1, which are buried at
surfaces 5 and 8 (fig. 6.7). The outcrops are exposed up to 80 m above sea level due to a uplift
of 0.3 mm/year affecting the Corinth Isthmus during at least the last 205 000 years (Collier,
1990; Collier et al., 1992; Dia et al., 1997).
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6.2 Stratigraphic ages

Age determinations of different stratigraphic packages are particularly helpful in determining
depositional control on sediments, especially in reference to well documented eustatic sea level
changes. Studies by Vita-Finzi and King (1985), Collier (1990), and Dia et al. (1997) have
produced age determinations for some of the stratigraphic packages in the canal, located in
Table 6.1 below. Vita-Finzi and King (1985) used “C-dating method on bivalves, while both
Collier (1990) and Dia et al. (1997) used U-series dating on corals.

Table 6.1: The placement of the ages determined by Vita-Finzi and King (1985) Collier (1990), and Dia et al. (1997) in
reference to this study's Tectono-Stratigraphic and Stratal Units. Two numbers within each column indicate dating on two
different samples, i.e. the 193 000 age in Dia et al. (1997), is derived from a sample taken at 50 m height in Stratal Unit 14,
while the 212 000 age is taken on a sample located at 40 m height in Strata Unit 14.

This studys Tectonic-  This studys Vita-Finzi and Collier (1990) Diaetal.
Stratigraphic Unit Stratal Unit  King (1985) ages ages (1997) ages
Tectono-Stratigraphic ~ Stratal Unit 5 Older than Older than
Unit 4 350 000 year 350 000 year
Tectono-Stratigraphic ~ Stratal Unit 12 ca. 312 000 ca. 306 000
Unit 6
Tectono-Stratigraphic ~ Stratal Unit 14 ca. 35000 ca 205 000 ca. 193 000
Unit 6 ca. 38 000 ca. 212 000

The ages from the Vita-Finzi and King (1985) study have not been taken into account in this
study, with the dating method 4C only working for samples younger than 50 000 years old, in
addition to the similarities between Collier (1990) and Dia et al. (1997) ages.

6.3 Correlation of the Corinth Canal deposits and the Upper Quaternary eustatic
variations

As described in Chapter 5, there are several changes in sea level which affect the stratigraphic
packages in the Canal. These changes may derive from eustatic sea level variations, or due to
tectonic activity. A possible way to determine if these are controlled by major tectonic forces,
or by major changes in eustatic sea level, is to correlate the available ages (Table 6.1) with well-
known eustatic sea level curves for the Upper Quaternary (Fig. 6.8) (Labeyrie et al., 1987;
Shackleton, 2000; Lea et al., 2002; Waelbroeck et al., 2002; Cutler et al., 2003; Siddall et al.,
2007) .
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Fig. 6.8: Sea level estimates during the course of the past 800 000 years from a variety of different sources (Labeyrie et al.,
1987; Shackleton, 2000; Lea et al., 2002; Waelbroeck et al., 2002; Cutler et al., 2003; Siddall et al., 2003; Siddall et al.,
2007). Modified from Siddall et al. (2007).

A change in eustatic sea level could be responsible for the facies changes experienced in the
Canal. The ca. 312 000 and 205 000 year ages of corals from Collier (1990) and Dia et al.
(1997), are taken from Stratal Units 12 and 14 (shoreface sandstone packages) in Tectono-
Stratigraphic Unit 6 (Table 6.1). These ages corresponds to two major sea level highs: Marine
Isotope Stage (MIS) 9 (Stratal Unit 12) and MIS 7 (Stratal Unit 14) (fig. 6.8).

According to Collier (1990) each of his sub-sequences, consisting of foreshore to shoreface
deposits, were deposited on glacio-eustatic highstands. Collier (1990)'s three sub-sequences are
comprised within this studys Tectono-Stratigraphic Unit 6, with Sub-sequence 1 interpreted as
Stratal Unit 9 and 10, Sub-sequence 2 as Stratal Units 11 and 12, and Sub-sequence 3 as Stratal
Units 13 and 14. With stratal units of foreshore and shoreface depositing during the same
highstand, it would give depositional ages for Stratal Units 11 and 12 at MIS 9, and Stratal
Units 13 and 14 at MIS 7. This leads to the interpretation of depositional time for Stratal Units
9 and 10 at the highstand MIS 11.

Tectono-Stratigraphic Units 4 and 5 both feature offshore marine marls during its deposition,
which indicate a highstand sea level during deposition of these sediments. In regards to the

interpreted ages for Tectono-Stratigraphic Unit 6, Tectono-Stratigraphic Unit 4 and 5 are placed
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at the highstands of MIS 15 and MIS 13, with ages respectively between 560 000 to 620 000
and 470 000 to 530 000 years old.

Tectono-Stratigraphic Unit 4 and Tectono-Stratigraphic Units 1,2, and 3, are separated from
each other by several rises in sea level, causing the deposits to change from lacustrine (Tectono-
Stratigraphic Units 1, 2, and 3) to marine offshore marls (Tectono-Stratigraphic Unit 4). The
marine incursion above lacustrine deposits could have been caused by the major rise in sea level
seen between MIS 15 and 16 (fig. 6.8). This would imply deposition of the lacustrine deposits
of Tectono-Stratigraphic Units 1-3 during MIS 16 and give the lacustrine deposits an age of
approximately 620 — 680 000 years old.

Table 6.2: These ages are interpreted due to a correlation between the deposits of the Corinth Canal and well-known eustatic
sea level curves (Labeyrie et al., 1987; Shackleton, 2000; Lea et al., 2002; Waelbroeck et al., 2002; Cutler et al., 2003;
Siddall et al., 2003; Siddall et al., 2007). The only certain ages are of Stratal Unit 11 and 12, and 13 and 14, with ages of

306 000 and 200 000 years respectively. In addition, Tectono-Stratigraphic Unit 4 has an age older than 350 000 years.

Tectono S:]riilstlgraphlc Stratal Units sfr?:;e I:;c;ze Approximate ages
14 (Shoreface) 13 7 190 000 — 240 000
13 (Foreshore) 12 7 190 000 — 240 000
6 12 (Shoreface) 11 9 280 000 — 340 000
11 (Foreshore) 10 9 280 000 — 340 000
10 (Shoreface) 9 11 390 000 — 420 000
9 (Foreshore) 8 11 390 000 — 420 000
8 (Marine) 7
5 7 (Marine) 6 13 470 000 — 530 000
6 (Marine) 5
4 5 (Marine) 4 15 560 000 — 620 000
3 4 (Lacustrine) 3 16 620 000 — 680 000
2 3 (Lacustrine) 2 16 620 000 — 680 000
2 (Lacustrine) 1

1 2 -
1 (Lacustrine) 6 620 000 - 680 000

These interpretations indicate that the deposits exposed in the Canal have a high correlation
with the Upper Quaternary Glacio-Eustatic Sea Level Curve. Deposition of these highstand
deposits, which show a transgressive pattern cut off by relative sea level fall, if derived from
tectonism, would have to be created by major 100 000 year reversals in tectonic activity creating
a repetitive change between foreshore and shoreface deposits in the upper Stratal Units. Collier
(1990) states that no such major tectonic structures are found within the Canal area, indicating

that the highstand deposits could not be derive from tectonic reversals. This implies that
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Tectono-Stratigraphic Units 4 to 6, above the 620 000 year surface, are records of low-
frequency global eustatic sea-level cycles (100 000 years), which have developed over the past
620 000 years and been deposited during five Glacio-Eustatic highstands, while Tectono-

Stratigraphic Unit 1 to 3 were deposited during a Glacio-Eustatic lowstand.

6.4 Variations in relative sea level and local tectonic control

Interpretations in the previous subchapter indicate a deposition of Tectono-Stratigraphic Units
4 to 6 during Glacio-Eustatic highstands. However, there are several minor landwards and
basinward shifts in deposits within Tectono-Stratigraphic 5 and 6. Foreshore conglomerates of
Tectono-Stratigraphic Unit 6, featuring progradation and aggradation, found in Stratal Units
9, 11 and 13, are indicative of Lowstand periods in a sea level curve (Catuneanu, 2002).
Deposition of prograding and aggrading packages during the transgression and highstand of a
eustatic sea level curve, indicate that these strata packages have been deposited due to higher

frequency shifts in the sea level, which have affected the Canal during deposition.

Tectono-Stratigraphic Unit 5 feature several landward and basinward shifts in facies within.
The continued interpretation of fining upwards transgressive packages, capped by a fall in
relative sea level, are also due to higher frequency relative sea level changes. Collier (1990)
suggested that transgressive packages capped by a relative fall in sea level were characteristic
of a continuing uplifting shoreline, as is seen on the Corinth Isthmus. If these changes in
relative sea level are due to higher frequency variations in a sea level curve or due to tectonic

changes is unknown.

Although the deposits fit with the Glacio-Eustatic Sea Level Curve, the Canal sediments are
deposited within an active rift, which implies that tectonics have played a role during

deposition, which is also evident by deposits in the Canal.

Local faults within the Canal have controlled changes experienced in relative sea level. In
Tectono-Stratigraphic Units 1 to 3 a blind propagating fault creating a monocline, is
responsible for an increase in relative sea level NW of the monocline, which have led to
changes in facies from sandstone to siltstone, due to an increase in relative sea level (fig. 6.1
to 6.3). Surface breaching of faults before deposition of Tectono-Stratigraphic Unit 4, 5 and 6

has also been responsible for local increases in relative sea level.
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Tectonic activity have been present during what it is interpreted as rotation of the individual
Fault Blocks NW of FN1. The rotation is evident between each of the Tectono-Stratigraphic
Units, as Tectono-Stratigraphic Units 3, 4 and 6 all truncates tilted strata in the underlying
Tectono-Stratigraphic Units in some of the Fault Blocks NW of FN1 (fig 5.1). This implies
tectonic activity present between depositions of each of the Tectono-Stratigraphic Units,
causing rotation of fault blocks. Possible tectonic activity would be during MIS16 for rotation
of Tectono-Stratigraphic Units 2 and 3, with tectonic activity rotating Tectono-Stratigraphic
Unit 4 between MIS 11 and MIS 15. Post-depositional rotation of Fault Blocks is present SE
of FS1, where tectonic activity has created N to NW tilted strata, with increasing tilt-angle
further towards SE (fig. 5.1).

The subaerial exposure of the horst, after deposition of Tectono-Stratigraphic Unit 5, may
come as a result of local tectonism, possibly in combination with relative sea level changes.
FS1 surface breaches the upper surface of Tectono-Stratigraphic Unit 5, which creates
subsidence in the hanging-wall and causes an isostatic adjustment of the footwall, in this case
the horst, which might have caused enough uplift to expose the horst to subaerial conditions.

This would have happened sometime between 470 000 and 420 000 years ago.

6.5 Correlating the Canal deposits and surfaces with close by offshore basins in the
Corinth Rift

The Gulf of Corinth, Gulf of Lechaion and the Gulf of Alkyonides have been extensively
studied through seismic imaging (Leeder et al., 2005; Bell et al., 2009; Taylor et al., 2011;
Charalampakis et al., 2014; Nixon et al., 2016). Based on the main lithological characteristics
of the Corinth Canal deposits and the interpreted ages obtained from the Glacio-Eustatic Sea
Level Curve (Labeyrie et al., 1987; Shackleton, 2000; Lea et al., 2002; Waelbroeck et al., 2002;
Cutler et al., 2003; Siddall et al., 2003; Siddall et al., 2007) (Table 6.2), a correlation with the
offshore deposits of the Corinth Rift is made. The ages of several of the surfaces discovered in
the Canal are similar to the ages of major flooding surfaces found within the Gulf of Corinth
offshore basin, which implies a lateral extension of these surfaces into the offshore deposits
(Nixon et al., 2016).
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Fig. 6.9: The two Seismic Units, marked SU1 (Seismic Unit 1 — Red) and SU2 (Seismic Unit 2 — Blue), constitutes the Gulf
of Corinth Offshore deposits. From Nixon et al. (2016).

The horizon between Seismic Unit 1 and 2 (fig. 6.9), horizon “U”, is a major basin-wide
unconformity, showing a change from a large package of lacustrine deposits below, to marine
deposits above, acting as a large flooding surface and showing a major landward shift in
deposits across the horizon (Nixon et al., 2016). This surface is interpreted at 620 000 years old
by Nixon et al. (2016). This vertical change in facies and approximate age corresponds to
surface 4 in this study, which also feature a change from a large deposition of lacustrine
sediments below, to marine deposits above. Surface 4 show a major landward shift in deposits,
with an age interpreted at approximately the same 620 000 years old as surface “U”.

Nixon et al. (2016) interprets several flooding surface within Seismic Unit 2 (fig. 6.9). They are
determined as 530, 420, 340, 240, 130, and 12 000 years old, featuring changes from lacustrine
deposits below to marine deposits above, with a major landward shift in deposits across each
horizon (Nixon et al., 2016). A major difference from the Gulf of Corinth deposits to the
Corinth Canal deposits, is that the Corinth Canal deposit does not feature lowstand/lacustrine
deposits in between the marine deposits above the 620 000 year surface. The Corinth Canal
outcrops only feature the Glacio-Eustatic Sea Level highstands, while the Gulf of Corinth

feature deposits of both Glacio-Eustatic highstands and lowstands.

With this knowledge it is possible to correlate several of the surfaces which appear to show
basinward shift in the Canal, with major flooding surfaces in the Gulf. Key stratal surfaces 5
and 8, which in the Canal feature a change from respectively offshore marl to offshore marl,
and offshore marl to foreshore conglomerate, with an interpretation of relative sea level fall in

between the deposits, are interpreted with ages similar to flooding surfaces H6 and H5 in the
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Gulf of Corinth (Table 6.2 and 6.3) (Nixon et al., 2016). Surfaces 5 and 8 only show a basinward
change in deposits in the Canal due to the missing lowstand/lacustrine deposits of MIS 14 and
12, which are present in the Gulf of Corinth. Both surfaces in the Canal feature indications of a
fall in relative sea level, i.e. subaerial exposure, where lacustrine deposits may have
accumulated in the Gulf of Corinth. With a lacustrine deposition in between the marine deposits,
they would both show a major flooding surface in the Canal, such as in the Gulf of Corinth and
is therefore possible to correlate (Table 6.3).

A similar interpretation can be made for surfaces 10 and 12 in the Canal outcrops, which both
feature a change from shoreface sandstones below, to foreshore conglomerate above, but are
interpreted with similar ages to flooding surfaces H4 and H3 in the Gulf of Corinth (Table 6.2
and 6.3) (Nixon et al., 2016). Both surfaces 10 and 12 show a fall in relative sea level in the
Canal, with wave-eroded cliffs characterising the surfaces. During these sea level falls,
lowstand/lacustrine deposits of the Gulf could have accumulated during MIS 10 and 8, making
them possible to correlate with H4 and H3. This is in line with Collier (1990) s interpretation,
where he have interpreted the formation of wave-eroded cliffs on surfaces 10 and 12 during

lacustrine events.

Table 6.3: Approximate ages of surfaces featuring in the Canal outcrops, with correlation of flooding surfaces in the Corinth
Offshore Rift Basin as presented in Nixon et al. (2016).

Surfaces Approximate ages SeismiF Unit 2 Approximate
(This study) based o_n Glacio- . horizons ages
Eustatic cycles (Nixon et al. 2016)
Surface 12 Ca. 240 000 H3 Ca. 240 000
Surface 10 Ca. 340 000 H4 Ca. 340 000
Surface 8 Ca. 420 000 H5 Ca. 420 000
Surface 5 Ca. 530 000 H6 Ca. 530 000
Surface 4 ca. 620 000 U ca. 620 000

Studies by Leeder et al. (2005) on the Alkyonides Gulf show six stratigraphic sequences
interpreted as periodic low-frequency (100 000 year) sequences, deposited due to global sea
level cycles over the course of the last ca. 600 000 years. The horizons H3 to H1 have been
possible to correlate into the Alkyonides Gulf, indicating a correlation of sediments with
Seismic Unit 2 (Nixon et al., 2016). This indicates a tectono-sedimentary evolution in the
Alkyonides Gulf over the last 620 000 years, with changing between lacustrine and shallow

marine sediments (Leeder et al., 2005; Nixon et al., 2016).
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Seismic Unit 2, with the upper horizons H1, H2 and H3, can be correlated from the Gulf of
Corinth Offshore Basin, into the Lechaion Gulf (Taylor et al., 2011; Charalampakis et al., 2014;
Nixon et al., 2016). The lowermost interpreted horizon in the Lechaion Gulf is interpreted at an
age of ca. 245 000 years old, at MIS 8 (Charalampakis et al., 2014). This implies that the
lowermost interpreted horizon in the Lechaion Gulf correlate with this studys surface 12 (Table
6.2 and 6.3).

The age correlated surfaces, from the Canal deposits through the offshore Lechaion Gulf and
into the Gulf of Corinth, lead to the assumption that the upper part of offshore Seismic Unit 1
correlate with the onshore lacustrine deposits of Tectono-Stratigraphic Units 1 to 3 in the Canal
(Table 6.4). Offshore Seismic Unit 2 correspond to onshore Tectono-Stratigraphic Units 4 to 6,
with missing Glacio-Eustatic lowstand and lacustrine deposits in the Canal outcrops (Table
6.4).

Table 6.4: Correlating the onshore stratigraphy interpreted in the Canal with the offshore Gulf of Corinth deposits interpreted
in several publications (Bell et al., 2009; Taylor et al., 2011; Charalampakis et al., 2014; Nixon et al., 2016).

Onshore Stratigraphy Offshore Stratigraphy Age Estimates
Tectono-Stratigraphic Units Seismic Unit 1 2-1.5 Ma to 620 000 years
1to3 old
T - [ hi i _— :
ectono Strej_lgrap ic Units Seismic Unit 2 620 000 years old to present

The tectono-stratigraphic evolution of the Corinth Canal deposits is interpreted to consist of
middle Pleistocene lacustrine deposits overlain by marine foreshore, shoreface and offshore
deposits of upper Quaternary age. With the exception of the missing lacustrine deposits above
the 620 000 year surface in the Canal, the same tectono-sedimentary evolution have been
interpreted for the close by Lechaion Gulf, Gulf of Corinth and the Alkyonides Gulf, indicating
a large area affected largely by Glacio-Eustatic Sea Level Cycles within the Corinth Rift
(Leeder et al., 2005; Taylor et al., 2011; Charalampakis et al., 2014; Nixon et al., 2016). This
implies that the deposition of the Corinth Canal deposits are closely linked to other depositional
basins within the Corinth Rift.
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7. Summary and Conclusion

The main objective of this study is to establish depositional environments for the Corinth Canal
and key stratigraphic boundaries, to be able to create a Tectono-Stratigraphic evolution of the
Corinth Canal deposits. 7 Facies Associations and 6 Tectono-Stratigraphic Units have been
described and interpreted.

e The Corinth Canal deposits consists of 7 different Facies Associations, divided based
on the composition, structures, and fauna found in the outcrops. The Facies Associations

are derived from Lacustrine and Marine environments.

e Facies Associations 1 and 2 are derived from a terrestrial environment with deposition
in a lower littoral to upper sublittoral (FAL1), to lower sublittoral to upper profundal
(FA2) lacustrine setting. They are deposited in a fluvial-lacustrine basin with
siliciclastic deposits dominating and with no indications large contents of organic matter

or evaporites.

e Facies Associations 3 to 7 are derived from a marine environments, with
foreshore/beach conglomerates (FA3), foreshore conglomerate spit deposit (FA4),
Shoreface sandstones (FAS5), offshore-transition to offshore sandstones and siltstones

(FA®), and offshore calcareous mudstones (FA7).

e Based on surface interpretations, focusing on major erosional features and major
landward or basinward shifts in facies, the Canal have been divided into six Tectono-
Stratigraphic Units. The earlier interpreted “Corinth Marls” deposits are separated into
Tectono-Stratigraphic Units 1 to 5 with deposition in lacustrine and marine

environment.

e Tectono-Stratigraphic Units 1 to 3 are comprised within a fluvial-lacustrine basin,

showing an overall progradation of the lacustrine deposits.

e Tectono-Stratigraphic Unit 4 is deposited during a highstand in sea level, with deposits

of shoreface sandstones to offshore marine marlstones and siltstones, following a major
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sea level rise that have changed the deposits in the Canal from lacustrine to offshore

marine.

e Tectono-Stratigraphic Unit 5 is deposited during a highstand in sea level with deposits
ranging from foreshore conglomerates to offshore marine marls. It is separated from
Tectono-Stratigraphic Unit 4 by a relative fall in sea level. The Unit have after
deposition been subjected to subaerial exposure on the horst, with karst and calcrete
along its upper boundary. The Unit is eroded and missing from the outcrops NW of the
horst.

e Tectono-Stratigraphic Unit 6 consist of three transgressive sets of foreshore
conglomerates to shoreface sandstones deposited in a marine environment. It is
separated from Tectono-Stratigraphic Unit 5 by a fall in sea level. Each transgressive
set is capped by a fall in relative sea level which have allowed the creations of wave-

eroded cliffs on each of the sets upper boundary.

e Correlation of known ages of stratigraphic units with the Glacio-Eustatic Sea Level
Curve indicate deposition during five MIS highstands for Tectono-Stratigraphic Units
4 to 6, with deposition of the lacustrine deposits of Tectono-Stratigraphic Unit 1 to 3
during a Glacio-Eustatic lowstand. This infers deposition controlled mainly by Glacio-
Eustatic Sea Level changes, with local faults within the Canal affecting thicknesses and

local variations in relative sea level.

e The correlated ages from the Glacio-Eustatic Sea Level Curve have made it possible to
correlate several of the key stratal surface found in the Canal, with major unconformities
and flooding surfaces in the close by Lechaion Gulf, Alkyonides Gulf and the Gulf of
Corinth.

e The Tectono-Stratigraphic Evolution is interpreted as lacustrine lowstand deposits
depositing between 620 000 and 690 000 years ago, overlain by five low-frequency
(100 000 year) cycles of marine highstand deposition during the past 620 000 years.
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Table 1: The table features dip and strike measurements of individual surfaces throughout the canal. Not every identified
surface is present in the table, due to interpretation on only one canal margin. Interpretation on just one margin does not
allow measurements of dip and strike in ArcGIS. This is the reason for no data presented from the 1% fault block towards SE.
X = Unidentified mistake with data recordings

Fault Surfaces Average dip Avg. | Ava. c_iip C. dip-direction
Blocks —_ Strike | Direction | (From ArcMap)
13 1.7 195 285 NW-W
11 3 (4.6 last 100 NW) 207 297 NW-W
10.3 4.3 218 308 SE & NW-N
L 10 5.7 (with cliff) 192 282 W
9 3 198 288 W
8 2.4 191 281 W
10 5.3 231 321 NW
9 2.3 215 305 NW
FN5 - FN6 8 4 201 291 W-NW
4.3 7 227 317 NW
4.3 6.5 213 303 W-NW
9 3 236 326 NW
FN4 —FN5 8 3.1 218 308 NW
9 1.9 238 328 NW
8 2 241 331 N-NW
FN3 - FN4 4 1.2 244 344 N
3.2 3.1 234 324 NW
3.1 2.9 239 329 NW
9 2.6 22 317 NW
8 4 232 323 NW
4 2.1 219 309 NW
ANB=[ERE 3.2 2.9 228 318 NW
3.1 3.4 230 320 NW
3 2.3 115 205 SW
10 1.6 241 331 NW-N
9 1.7 240 330 NW
AN = AN 8 2.6 228 318 NW
3 45 214 304 W-NW
8 2.3 245 335 N-NW (CIiff W)
6 3.7 (N-dip) 254 344 N/E/SE
5 0.9 349 79 NE-E
4.1 46&1.2 252 342 & 88 N&E
Central 4 24&15 250 340 & 98 N&E
Horst 3 (Nw t‘}éﬁ)o M, NE- 1 308 318 NW, N & NE
1.2 L (NWﬂt;)t)ZZO, M= 225 315 NW, N & NE
11 2.5 254 344 N & NE
1 7.4 272 02 N
7 1.1 260 350 N
FS2-FS3 6.1 1.2 250 340 N
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6 0.7 270 0 N
5 0.9 (After faults) 228 318 N-NW
4 1.8 (After faults) 258 348 N
8 3.1 265 355 N
7 3 266 356 N
FS3-FS4 6 2.8 271 01 N
5 2.23 257 347 N
3 3.3 263 353 N
8.1 3.1 221 311 NW
8 3.4 240 330 NW
7 4.7 238 328 NW
6 3.6 240 330 NW
FS4-FS5 5.1 4.2 236 326 NW
5 4.7 224 314 NW
4 4.3 (before fault) 225 315 NW (before fault)
3 4.5 (before fault) 232 323 NW (before fault)
8.2 4.6 248 338 N-NW
8 3.3 259 349 N-NW
6 3.5 251 341 N
FS5-FS6 5.2 4.1 238 328 NW
51 4 232 322 N-NW
5 5.6 242 332 N-NW
7 4.5 211 301 NW
6.2 5.3 255 345 N
6 51 259 349 N
FS6 — FS7 59 4.9 (last 35) & 3.4 935 305 NW & SW/W
(whole)
5.1 X 234 324 NW & E
5 5.1 230 320 NW
8.1 4.1 215 305 NW-W
8 6.2 230 320 NW
7 7.5 241 331 NW
6.2 8.4 242 332 NW
FS7 - FS8 6 7.9 239 329 NW
5.3 7.3 241 331 NW
5.2 8.3 231 321 NW
5.1 7.9 229 319 NW
5 5.5 (Last 55 m) 221 311 NW
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