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Abstract

Deep-water syn-rift systems develop in partially- or transiently-linked depocentres to
form complicated depositional architectures, which are characterised by short transport
distances, coarse grain sizes and a wide range of sedimentary processes. Exhumed sys-
tems that can help to constrain the tectono-stratigraphic evolution of such systems are
rare or complicated by inversion tectonics. Here, we document a mid-Pleistocene deep-
water syn-rift system fed by Gilbert-type fan deltas in the hangingwall of a rift margin
fault bounding the West Xylokastro Horst block, on the southern margin of the Gulf
of Corinth, Greece. Structural and stratigraphic mapping combined with digital outcrop
models permit observations along this syn-rift depositional system from hinterland source
to deep-water sink. The West Xylokastro Fault hangingwall is filled by two distinct sedi-
ment systems; an axial system fed by coarse-grained sediment gravity flows derived from
fault-tip Gilbert-type fan deltas and a lateral system dominated by mass transport depos-
its fed from an evolving fault-scarp apron. Abrupt changes in stratigraphic architecture
across the axial system are interpreted to record changes in relative base level, sediment
supply and tectonics. Locally, depositional topography and intra-basinal structures con-
trolled sediment dispersal patterns, from bed-scale infilling of local rugose topography
above mass transport complexes, to basin-scale confinement from the fault scarp apron.
These acted to generate a temporally and spatially variable, heterogeneous stratigraphic
architecture throughout the basin-fill. The transition of the locus of sedimentation from
a rift margin to a fault terrace through the syn-sedimentary growth of a basinward fault
produced regressive surfaces updip, which manifest themselves as channels in the deep-
water realm and acted to prograde the system. We present a new conceptual model that
recognises coeval axial and transverse systems based on the stratigraphic architecture
around the West Xylokastro fault block that emphasizes the lateral and vertical heteroge-
neity of rift basin-fills with multiple entry points.
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1 | INTRODUCTION

The depositional architecture of deep-water syn-rift sys-
tems can record the interaction of axial (fault parallel) and
transverse (fault perpendicular) sediment supply systems,
fault-related topography and short-scale spatial changes in
basin physiography. However, existing models for multi-
input deep-water syn-rift systems lack details on the nature
and controls of stratigraphic architecture (Fraser et al., 2003;
Fugelli & Olsen, 2007; Strachan et al., 2013). Outcrop studies
are vital for understanding the evolution of these variable and
localised depocentres (e.g. Barrett et al., 2019; Gawthorpe,
Fraser, & Collier, 1994; Gawthorpe et al., 2018; Henstra et al.,
2016; Rohais, Eschard, Ford, Guillocheau, & Moretti, 2007;
Rohais, Joannin, et al., 2007; Sharp, Gawthorpe, Underhill, &
Gupta, 2000; Strachan et al., 2013). Distinguishing the distri-
bution and interplay of different input systems is challenging,
particularly in cases where the hinterland provenance is simi-
lar. Exhumed systems can provide information in the scale
gap between core and seismic observations of such systems.
However, exhumed systems are comparatively rare; meaning
the variability of stratigraphic architecture at the mesoscale
(10s to 100s of metres) is seldom captured in stratigraphic
models.

Many deep-water syn-rift systems have been studied using
subsurface datasets, including the Brae trend of the South
Viking Graben (Fraser et al., 2003; Turner & Allen, 1991;
Turner, Bastidas, Connell, & Petrik, 2018; Turner, Cronin, et
al., 2018), and the East African Rift (Scholz et al., 1998; Scholz,
Rosendahl, & Scott, 1990; Soreghan, Scholz, & Wells, 1999).
They are characterized by small, isolated to partially-linked,
depocentres with narrow or entirely absent shelves or littoral
zones, and high sediment supply, which in deep-water systems
leads to a wide range of gravity current processes. Footwall
sourced, Hangingwall aprons, dominated by rock-fall depos-
its from fault scarp degradation, form a principal endmember
(Bilal, McClay, & Scarselli, 2018; Gawthorpe & Leeder, 2000;
Reading & Richards, 1994; Sharp et al., 2000). Footwall-
sourced systems are well-documented with conceptual models
developed from numerous subsurface and outcrop studies, for
example, Oseberg systems (Ravnas & Steel, 1997), the ‘Brae
Play’ trend of the South Viking Graben (Garland, Haughton,
King, & Moulds, 1999; Jones, Cronin, & Allerton, 2018;
Turner & Allen, 1991; Turner, Bastidas, et al., 2018; Turner,
Cronin, et al., 2018), and the Wollaston Ford Grp., Greenland
(Henstra et al., 2016). Spatially distinct but coeval input sys-
tems will respond to the same allogenic controls but different
autogenic controls. However, axial and mixed syn-rift deep-
water fan styles are comparatively less studied, for example,
Lower Kimmeridge of the Strathspey-Brent systems (McLeod,
Underhill, Davies, & Dawers, 2002) or Kimmeridgian systems
in the region of the J-Ridge in the Central North Sea (McArthur,

Highlights

e Qutcrop example of a deepwater syn-rift clastic
system which can be linked from source to sink

e Integration of field observations and digital outcrop
models provides mesoscale (10s-100s m) charac-
terization of stratigraphic architecture of axial and
transverse deepwater syn-rift depositional systems

e Mass-transport dominated, transverse aprons can
impart control on axial, delta-derived systems

e Variable basin floor topography from intra-basinal
faults, mass-transport deposits and interacting sys-
tems produce substantial vertical and lateral hetero-
geneity within axial systems

e New conceptual models for the evolution and dis-
tribution of deepwater, coarse-grained depositional
systems within syn-rift settings

Hartley, Archer, Jolley, & Lawrence, 2016). Most Exhumed
deep-water syn-rift systems exhibit one main input system (e.g.
Gulf of Suez — Gupta, Underhill, Sharp, & Gawthorpe, 1999;
Leppard & Gawthorpe, 2006; Strachan et al., 2013), and sys-
tems where axial and transverse systems coexisted, so that the
balance of allogenic and autogenic controls can be understood,
have not been documented.

Here, we summarize stratigraphic mapping and meso-
scale architectural observations within the West Xylokastro
Fault Block (WXFB), Gulf of Corinth, Greece, to develop
a new conceptual model for deep-water syn-rift depositional
systems fed by coeval transverse and axially input systems.
The syn-rift infill of the WXFB was principally fed by the
Evrostini and Ilias Gilbert-type deltas at the western tip of a
structural high, the Xylokastro Horst (Figures 1 and 2) (Gobo,
Ghinassi, & Nemec, 2014, 2015; Gobo, Ghinassi, Nemec, &
Sjursen, 2014; Rohais, Eschard, et al., 2007; Rohais, Joannin,
et al., 2007; Rohais, Eschard, & Guillocheau, 2008; Rubi,
Rohais, Bourquin, Moretti, & Desaubliaux, 2018; Zhong,
Escalona, Sverdrup, & Bukta, 2018). The related deep-water
sediments, the Rethi-Dendro Formation, are exposed ~10 km
basinward from these fan deltas (Gawthorpe et al., 2018;
Koutsouveli, Mettos, Tsapralis, Tsala-Monopoli, & Iokim,
1989; Leeder et al., 2012; Tsoflias, Fleury, & Iokim, 1993).
The exceptional exposures of the WXFB permit outcrop-
scale links from hinterland source to deep-water sink within a
syn-rift basin. This study aims to integrate the structural and
stratigraphic evolution of the WXFB to address the following
research questions:

a. What are the characteristics of deep-water syn-rift
deposits connected to sedimentary inputs such as
Gilbert-type fan deltas?
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FIGURE 1

Location overview for the study area within the Gulf of Corinth. (a) Geological map for the study area on the southern, central

margin of the Gulf of Corinth. Bold letters in the key correlate to labelled units on the map. WXF — West Xylokastro Fault, VRY — Vryssoules
Fault, KO — Koutsos Fault, AMP — Amphithea Fault, MF — Mavro Fault, EGF — Evrostini Growth Fault. Red faults are currently active. Grey box
highlights the mapping area within this study. Coordinates are UTM (in metres) for zone 34N. (b) Gulf of Corinth geological map highlighting the

distribution of Pre-Rift and Syn-Rift stratigraphy and the location of the area within central Greece. All mapping were constructed and modified
from Gawthorpe et al. (2018), compiled from Ford et al. (2013), Ford et al. (2016), Nixon et al. (2016), Skourtsos unpb. and author's own mapping.

Red box indicates the locale focused on in this paper
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b. How do axially fed deep-water fairways interact with
transverse systems?

c.  How can conceptual stratigraphic models capture multi-
input syn-rift systems?

2 | GEOLOGICAL SETTING

The Gulf of Corinth is an active rift that initiated ~5 Ma in
the very latest Miocene or early Pliocene (Beckers et al.,
2015; Bell et al., 2009; Briole et al., 2000; Collier & Dart,
1991; Doutsos & Piper, 1990; Doutsos & Poulimenos, 1992;
Gawthorpe et al., 2018; Goldsworthy & Jackson, 2001;
Hemelsdaél & Ford, 2016; McNeil et al., 2005; Pirazzoli,
Stiros, Fontugne, & Arnold, 2004; Rohais, Eschard, et al.,
2007; Rohais & Moretti, 2017; Skourtsos & Kranis, 2009;
Taylor et al., 2011). The rift forms in response to regional
NE-SW back-arc extension associated with subduction of
the African Plate under the European and Anatolian plates
(Armijo, Meyer, King, Rigo, & Papanastassiou, 1996;
Westaway, 2002). The rift overlies the Pindos thrust sheet,
a ~1.3 km thick succession of Mesozoic carbonates and
Cenozoic flysch arranged in N-S striking thrust domains,
oblique to the NW-SE to E-W rift fabric (Ford et al., 2013;
Gawthorpe et al., 2018; Rohais & Moretti, 2017; Skourtsos
& Kranis, 2009; Skourtsos, Kranis, Zambetakis-Lekkas,
Gawthorpe, & Leeder, 2016). A distributed fault network de-
veloped a set of depocentres filled with alluvial and fluvial
depositional systems during an early rift phase probably last-
ing from 5 to ~3 Ma, which ultimately developed into a cen-
tral ‘Lake Corinth’ (Ford, Hemelsda&l, Mancini, & Palyvos,
2016; Ford et al., 2013; Gawthorpe et al., 2018; Nixon et al.,
2016; Rohais, Eschard, et al., 2007; Rohais, Joannin, et al.,
2007).

The onshore deep-water stratigraphy of the central Gulf
of Corinth comprises the Rethi-Dendro Formation, which
was initially deposited in Lake Corinth during the late ‘Rift
1’ and ‘Rift 2’ phases, between ~2-2.5 and ~0.5-0.7 Ma
(Gawthorpe et al., 2018; Leeder et al., 2012; Figure 2b).
Numerous fan deltas sourced from the Olvios drainage
catchment feed the Rethi-Dendro Formation (Fernandez-
Blanco, Gelder, Gallen, Lacassin, & Armijo, 2019;
Gawthorpe et al., 2018; de Gelder et al., 2019). These fan
deltas (Kyllini, Mavro, Evrostini/Ilias) migrated northward
in response to progressive basin deepening events and

narrowing of the rift (de Gelder et al., 2019; Gawthorpe et
al., 2018). Migration of fault activity between Rift 1 and
Rift 2 to a co-linear, E-W trending rift margin in the po-
sition of the West Xylokastro Fault favoured the develop-
ment of the giant Evrostini and Ilias Gilbert-type fan deltas
(Figure 1; Ford et al., 2016; Gawthorpe et al., 2018; Rohais
et al., 2008). These prograded into 300—600 m of water and
fed downdip deep-water systems in the WXFB depocentre
(Ford et al., 2016; Gawthorpe et al., 2018; Gobo, Ghinassi,
& Nemec, 2014; Gobo et al., 2015; Rohais, Eschard, et al.,
2007; Rohais, Joannin, et al., 2007; Rubietal.,2018; Zhong
etal., 2018). The Evrostini/Ilias fan delta system was active
for much of the Mid-Pleistocene prior to another northward
migration of the shoreline and a drainage reversal in the
Late-Pleistocene (de Gelder et al., 2019; Fernandez-Blanco
et al., 2019; Gawthorpe et al., 2018; Rohais, Eschard, et
al., 2007; Rohais, Joannin, et al., 2007). The growth of the
basinward Likoporid and Derveni Faults (Figure 1) oc-
curred ~750 ka (de Gelder et al., 2019; Fernandez-Blanco
etal., 2019; Gawthorpe et al., 2018; Nixon et al., 2016) and
are now incised by the antecedent Dervenios River. The
presently active Likoporid and Derveni faults control the
modern coastline, and their footwall uplift has exhumed
the WXFB. Offshore stratigraphy is split into two key units
(Nixon et al., 2016); the lowermost (SU1 from ~2—-1.5 Ma
to 0.6 Ma) may be the offshore equivalent to the Rethi-
Dendro observed onshore (Gawthorpe et al., 2018; McNeil
et al., 2019; Nixon et al., 2016).

3 | METHODOLOGY

Stratigraphic and structural mapping in the WXFB has per-
mitted description of stratigraphy across a 40 km? area down-
dip of the Evrostini and Ilias fan deltas, which has to date
remained undifferentiated (Figures 1 and 2). In the absence
of confident biostratigraphic or chronostratigraphic markers,
correlations rely on dip-projection of observable stratigraphic
surfaces or extensive intervals (i.e. pervasive fine-grained in-
tervals). This approach is achieved through the construction
of cross-sections, structural contouring and photogrammetry.
Photogrammetric models, using photographs collected from
a DJI Phantom 3 Professional and DJI Mavic Pro UAV, were
built in Agisoft Photoscan and interpreted in LIME. These
models (shown in the Supplementary Information) permit
investigation in inaccessible areas to support stratigraphic

FIGURE 2

(a) Detailed geological map generated in this study. MT = Marine Terrace, WXF = WXF, VRY = Vryssoules Fault. Cross

section (Figure 3) localities are provided in dark blue dots, with other figures in this paper referenced by white outlook points. Stratigraphic

key for the map shows colours and relative ages of mapped units. (b) Simplified chronostratigraphy for the studied section (grey box) modified

from Gawthorpe et al. (2018) and put in comparison with other stratigraphic schemes for the area (Nixon et al., 2016; Rohais et al., 2008).
AF = Amphithea Fault, KF = Kyllini Fault, MF = Mavro Fault, WXF = WXF, LF = Likoporia Fault, K = Kyllini, M = Mavro, E/I = Evrostini/

Ilias
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(a) Simplified cross-sections for the areas showing the general structural arrangement of stratigraphy. The basal RDF/WX

to Pre-rift boundary is not seen in the area. (b) Annotated photo panel of patchy exposures to the south of Kalithea/Skoupeikia highlighting the

relationship between the axial undifferentiated RDF system and the chaotic mudstones of the Central Transverse System

correlations and collect structural (i.e. bedding dip) and
stratigraphic (i.e. thickness) data. These units are described
by their bounding surfaces and depositional elements. A de-
tailed sedimentological process study is beyond the scope of
this paper and as such, we describe the stratigraphy in terms
of depositional elements (Section 4.2) to inform interpreta-
tions of the larger scale evolution of the WXFB.

4 | STRUCTURE AND
STRATIGRAPHY
4.1 | Structural framework

Figure 1 highlights the key structural elements of the study
area in the West Xylokastro and Evrostina region of the
southern margin of the Gulf of Corinth. During the latter
stages of Rift 1, the southern margin lay along the Mavro
Fault, containing the Mavro Delta and the Amphithea Faults
to the west (Gawthorpe et al., 2018). This margin was com-
plicated by the presence of antithetic faults (the Vryssoules
and Koutsa Faults), the footwall of which generated a posi-
tive topographic feature. At the onset of Rift 2 (~1.5 Ma),
this margin had migrated northward, with strain localised
on the West Xylokastro Fault. The growth of the West
Xylokastro Fault led to the continued development of the
Xylokastro Horst, bound by the West Xylokastro Fault and
the Vryssoules and Koutsa Faults, with some minor struc-
tures generating an intra-horst graben. The Xylokastro Horst
comprises Mesozoic basement limestones of the Pindos and
Tripolis and the Ano Pitsa and Korfiotissa Formations of the
earliest part of Rift 1 units (Gawthorpe et al., 2018; Rohais &
Moretti, 2017; Skourtsos & Kranis, 2009).

The West Xylokastro Fault forms a present day topo-
graphic escarpment of an exposed fault plane, showing the
greatest relief (and displacement; >1 km) at its centre near the
village of Ano Loutro (Figures 1, 2 and 3). The main phase of
West Xylokastro Fault activity was from ~1.5 Ma to ~0.7—
0.6 Ma (Ford et al., 2016; Gawthorpe et al., 2018). Dating
of calcite cements show minor reactivations throughout the
Late Pleistocene (Causse, Moretti, Eschard, & Micarelli,
2004; Flotté & Sorel, 2001). However, these were unlikely
to be responsible for generating significant subsidence in the
hangingwall, but may have allowed upward fluid migration,
promoting the generation of perched tufa and travertine de-
posits in the immediate hangingwall, near Eliniko (Figures 1
and 2; Gawthorpe et al., 2018).

In its western portion, this displacement and escarpment
dies out, with the fault tip likely buried by the Evrostini/Ilias
fan delta system. The West Xylokastro Fault forms the co-linear

fault array with the Valimi Fault in the west (Ford et al., 2016;
Gawthorpe et al., 2018; Rohais, Eschard, et al., 2007; Rohais,
Joannin, et al., 2007; Figure 1b). The relay between the West
Xylokastro and Valimi faults is the site of the Evrostini/Ilias
fan delta, which is dissected by several faults (Rohais, Eschard,
et al., 2007; Rohais, Joannin, et al., 2007; Rohais et al., 2008;
Zhong et al., 2018; Figures 1 and 2). Ford et al. (2016) in-
terpret that these faults are likely not basement involved and
instead reflect thinner-skinned (intra-Evrostini/Ilias) deforma-
tion of the sedimentary cover, which link at depth to a deeper-
seated breach in the relay. The Evrostini Growth Fault, which
hosts the Evrostini/Ilias fan delta system, shows significant
back-rotation of the Evrostini delta topsets in its uppermost
portion. We do not interpret that the Evrostini Growth fault di-
rectly links with the West Xylokastro Fault through a region of
largely land-slipped exposures. Instead, we invoke the western
toe of the Xylokastro Horst as a complex region of deformation
by multiple minor faults in sedimentary cover accommodating
the breaching of the relay at depth in agreement with Rohais,
Eschard, et al. (2007); Rohais, Joannin, et al. (2007); Rohais et
al. (2008) and Ford et al. (2016).

The WXFB, in the hangingwall of the West Xylokastro
Fault, is bounded to the north by the presently active margin
generated by the Derveni and Likoporid Faults (Nixon et al.,
2016). Offshore observations estimate that these faults became
active ~0.75 Ma (Gawthorpe et al., 2018; Nixon et al., 2016).
This is coincident with: (a) northward migration of fault ac-
tivity in the west (Pirgaki-Mamousia Fault to the West Helike
Fault (Ford, Williams, Malartre, & Popescu, 2007), (b) biostra-
tigraphic constraints of the Vouraikos fan delta in the hanging-
wall of the Pirgaki-Mamousia Fault (Ford et al., 2007), and (c)
beach deposits (MT on Figures 1b and 2) in the WXFB at an
elevation of ~270 m that unconformably overlie deep-water
sediments of the Rethi-Dendro Formation. Combined with up-
lift rate estimates from Armijo et al. (1996) of ~1.3—1.5 m/kyr
we place this emergence of hangingwall stratigraphy at ~207-
180 ka. Assuming their basal surface onto the underlying Rethi
Dendro Formation was representative of the prior palacoba-
thymetry of water depths between 400 and 500 m, this is con-
sistent with timings of activity on the Likoporia and Derveni
Faults from ~750 ka (de Gelder et al., 2019; Fernandez-Blanco
et al., 2019; Gawthorpe et al., 2018; Nixon et al., 2016). With
the growth of the Derveni and Likopori4 Faults, the WXFB
stratigraphy records a history as a relatively open rift margin
and the transition ultimately to an uplifted fault terrace.

Within the WXFB, minor intra-basinal structures are
present (Figures 1, 2 and 3), slightly oblique to the E-W trend
of the West Xylokastro Fault, and aligned to the Likoporid
Fault. We interpret that this obliquity is caused by the
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continued northward migration of strain onto the NNW-SSE
oriented Likoporia structures. Minor faults show cross-fault
facies and thickness changes showing they were active during
deposition producing variable basin floor topography. These
structures (<30-50 m throw) have a weak expression and are
either mapped on the basis of abrupt facies terminations (e.g.
Minor Fault 1 in Figures 2 and S1) or from observation of
offset layering in cliff faces, although their lateral continuity
carries some uncertainty. The faults along the northern coast-
line are related to the Likoporia and Derveni Faults, either
as footwall splays or as part of a broader fault array. These
faults are either blind and form a north-facing monocline in
the very edge of exposures near the village of Stomio (Figure
2), or host the Late Pleistocene Rhodea Delta in their hang-
ingwall. Zhong et al. (2018) propose the existence of N-S
oriented transfer faults in the WXFB. However, we observe
complete stratigraphic continuity and an absence of deforma-
tion in the N-S orientated perched river valleys that they attri-
bute to such structures. Zhong et al. (2018) identify a change
in facies across this valley, which we attribute to stratigraphic
architectural variation (discussed in Section 4.3), rather than
a post-depositional translation from N-S striking transfer
faults. Whilst an underlying N-S oriented Mesozoic, Hellenic
thrust sheet fabric underlies the Gulf of Corinth (Ford et
al., 2016; Gawthorpe et al., 2018; Papanikolaou & Royden,
2007; Skourtsos & Kranis, 2009) we see no evidence to sug-
gest reactivation and upward propagation of these features in
the West Xylokastro area.

4.2 | Depositional elements

Given the scale and variability of the study area, depositional
elements are used to describe the stratigraphy in each strati-
graphic unit (Figure 4), and are only applied here to deposits
in the bottomsets and basin-floor of the WXFB.

4.2.1 | DE1 - Mudstones and Marlstones

Description

DEl comprises fine-grained intervals (1-30 m thick) of
mostly grey-buff calcareous mudstones (marls), which are
rarely black or organic rich. Except for gastropod and brachi-
opods within the Evrostini/Ilias delta, mudstones are largely
non-fossiliferous. Mudstones can appear in several forms:

1. Massive — absent or only very weak sedimentary layering.

2. Decametric layered with red horizons — generally com-
prising massive or mm-laminated, fissile grey, mud-rich
siltstones with 1-5 mm dark brown/red horizons spaced
every few ~10 cm. Typically, these horizons are harder
than the surrounding siltstones and locally are pyritised.

3. Decametric layered with sandstone beds — cream or grey
mud-rich siltstones with rare dark grey- pale brown,

normally graded sandstone beds (1-5 cm thick). Weak
to moderate bioturbation (base of normally graded sand-
stones), restricted to Planolites and Chondrites.

4. Laminated — mm-laminated mud-rich siltstones, typically
fissile/soft alternating between dark grey and brown-red
in intervals of 5-10 cm. Bioturbation is not apparent at
outcrop. Very rare current ripples.

Interpretation

Mudstone intervals are interpreted as fringe deposits or rep-
resenting times of reduced sediment delivery to the basin,
possibly with minor components of hemipelagic or hemil-
imnic fallout. The absence of black, organic-rich mudstones
is attributed to the delivery of thin, dilute turbidity currents,
represented by graded beds, which oxygenated waters in the
deeper basin. This is supported by bioturbation, although
the low ichnofacies diversity reflects strained seafloor
populations.

422 |

Description

Convex-up bodies (CUBs; 300 m wide and 25-30 m thick)
observed in the bottomsets of the Ilias delta mainly comprise
pebble-grade conglomerates, and are internally stratified
(1-10 m scale; Figure 5). Clast sizes range from small pebbles
to boulders, with limestone, chert, metamorphic and sedimen-
tary extrabasinal clasts and silt/mud intraclasts up to 0.5 m in
diameter. Flame structures, injectites, and <2 m offset, syn-
sedimentary faults occur immediately below the CUBs dis-
turbing their otherwise flat bases. The long axes of CUBs are
parallel to nearby erosional bedforms (e.g. Xelidori Scour,
Figure 6). The CUBs are recognizable by semi-radial dips
and a convex upper surface forming a lobate geometry. The
conglomeratic core is disturbed by dewatering structures and
1-2 m wide scours. Away from the axis, beds are dominated
by chaotic, massive clast- and matrix-supported conglomer-
ates. Toward the fringes, beds are increasingly cross-stratified,
with normally and inverse graded pebbly sandstones (0.5-1 m
thick) interbedded with packages of plant-rich siltstone and
mudstones (~0.3—1 m thick). Typically, the matrix comprises
very fine sand to gravel and is poorly sorted.

DE2 - Convex-up bodies (CUBs)

Interpretation

The stratification in these CUBs supports a composite
origin. The poorly sorted, chaotic character of conglom-
erates supports a debrite interpretation. The absence of
clays means that the flows may have exhibited frictional
or very weak cohesive behaviour during their depositional
stage. Graded gravelly/pebbly sandstones in the fringes of
the CUBs are interpreted as granular flows and high-den-
sity turbidites (Lowe, 1982) intercalated with low-density
siltstone and mudstone turbidites. The fringes may be the
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FIGURE 4

distal/lateral equivalent of the conglomeratic parts of the
CUBs representing the transformation of originally con-
glomeratic flow, although outcrop limitation prevents con-
fident bed-scale correlation.

The CUBs in the Ilias bottomsets are interpreted as
coarse-grained base-of-foreset lobes, similar to those de-
scribed as ‘sandy lobes’, ‘fjord bottom splays’, or ‘tongues’
in bathymetric datasets of deltaic systems (Kostaschuk
& McCann, 1989; Postma & Cruickshank, 1988; Prior &

Summary of depositional elements used to describe stratigraphy in the study area

Bornhold, 1988; Prior, Wiseman, & Bryant, 1981). This
interpretation is supported by their position downdip of
conglomerate-filled megascours, and incorporation of
large sedimentary intraclasts. Disturbed and scoured cen-
tral portions show characteristics of ‘jet’ expansion (sensu.
Hoyal et al., 2003), where flows abruptly exit a confined
setting (e.g. a chute) in the foreset to bottomset transition.
The basal deformation suggests deposition onto a weak,
mud-rich substrate.
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FIGURE 5

(a) Overview of the locality of the cliffs behind the village of Mentourgianikia and the Xelidori Temple showing the forms of two

‘CUBs’. (b - upper) Close up UAV photograph of CUB2 showing the development of cross-stratification and stacking onto a heterolithic fringe of
CUBI. (b - lower) UAV photograph of CUB1 showing a strike-oriented section of a CUB form that highlights the radial style of bedding and flat
base at the element scale. (c) Lower hemisphere stereonets showing the agreement of axial trends of CUB1 in agreement with the Xelidori Scour

(Figure 6e). Black dots are poles to bedding with a calculated great circle describing an axial plane. Measurements made from a digital outcrop

model using LIME. (d) Sedimentary log demonstrating the typical conglomeratic deposits of CUB-1. (e) Inset map (location provided on Figure 2)

highlighting the location of CUB outcrops with respect to the foreset-bottomset transition of the Ilias delta

4.2.3 | DE3- Interbedded
conglomeratic lenses

Description

Conglomeratic lenses in the bottomsets of the Ilias delta
have a high aspect ratio and convex-up morphology (50—
200 m long, 0.5-1 m thick; Figure 6b). Conglomeratic
lenses comprise both matrix- and clast-supported con-
glomerates, with high concentrations of sub-rounded to
well-rounded small pebbles to rounded-subangular large
cobbles with a poorly sorted muddy to coarse sand ma-
trix. Typically, clast distribution is chaotic or massive,
although locally beds show normal or inverse grading,
and stacked clast imbrication with long-axes parallel to
palaeoflow recorded in surrounding finer-grained depos-
its. Clasts are dominantly limestone, with subordinate
chert, metamorphic, sedimentary extraclasts, typical of
Evrostini/llias drainage assemblages (Gawthorpe et al.,
2018). Conglomeratic lenses intercalated with massive/
structureless medium sandstones and bedsets (0.2-2 m
thick) of siltstone and climbing ripple laminated sand-
stone form fining up successions. Finer grained bedsets
thin over conglomerate lenses. Isolated gravel and cobble
clasts on bed contacts are common in fine-grained bed-
sets. Convolute bedding and intra-formational northward
verging thrust faults are common in fine grained bedsets.
Locally, muddy-siltstones contain disarticulated and bro-
ken shelly fauna.

Interpretation

The conglomeratic lenses show characteristics typical
of debrites, although they could be attributed to a broad
spectrum of gravity current behaviour, from cohesive (i.e.
mud-rich matrix) debris flows to flows transitional be-
tween debris flows and granular flows (Gobo, Ghinassi
& Nemec, 2014; Lowe, 1982). Sandstones and mudstones
are interpreted as dilute, low-density turbidites, either as
the tail of bypassing flows, or flows deficient in sand and
gravel. Sediment bypass is supported by isolated extrabasi-
nal clasts at bed contacts (Stevenson, Jackson, Hodgson,
Hubbard, & Eggenhuisen, 2015). The geometry (Figure 6b)
of conglomeratic lenses is consistent with a barform in the
immediate bottomset position. Convolute bedding and in-
traformational faults resulted from mass movement of the
foreset.

4.2.4 | DE4 - Conglomeratic
channels and chutes

Description

In depositional strike sections in the immediate bottomset re-
gion of the Ilias delta, chaotic conglomerate-filled, concave-up
lenticular bodies (DE4; 40-90 m wide, 20-35 m thick; Figure 6)
overlie erosion surfaces that incise into fine-grained marlstone
deposits. Internally, they comprise cobble-grade matrix- and
clast-supported conglomerates with sedimentary intraclasts, in
discontinuous or amalgamated beds (0.5-3 m thick). Rounded
to sub-angular clasts range from small pebbles to small boul-
ders. Rare thin (0.15-0.3 m thick) and laterally discontinuous
poorly sorted sandstone horizons (<1-2 m long) are observed,
occasionally containing pebble sized mud intraclasts. Distally
(~7 km from the Ilias delta, near Skoupeikia/Kalithea at the
locations later described in Figures 8 and 13c) higher aspect
ratio conglomerate-filled bodies (2040 m thick, 300-500 m
wide) comprise stacked tabular beds.

Interpretation

The lenticular bodies are interpreted as channel-fills with
geometries and dimensions similar to chutes reported from
bathymetric datasets on modern delta foresets and bottomsets
(e.g. Kostaschuk & McCann, 1989; Prior et al., 1981). They
are likely formed by erosive flows that left behind coarse-
grained lag deposits.

42.5 |

Description

Sheet-like heterolithics, one of the most common depositional
elements found in the WXFB, comprise 5—10 m thick packages
that extend laterally with limited thickness change over 300—
400 m. They comprise massive gravel-rich or normally graded
coarse to fine sandstones (0.3—0.8 m thick beds), and can con-
tain conglomeratic or pebbly sandstone horizons. Gravelly
sandstones can contain pebble-sized, angular mud-intraclasts
at their base, or dispersed throughout the bed. Interbedded cur-
rent ripple-laminated siltstones, normally graded medium to
very fine sandstones, and deformed mudstones are common.

DES - Sheet-like heterolithics

Interpretation
Sheet-like heterolithics encompass the deposits of high-
density, gravelly/pebbly turbidity currents, sand-rich
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FIGURE 6 (a) Lookout point showing the proximal bottomset region in the Mentourgianikia Valley showing a variety of depositional
elements and unit distinctions (described in Section 4.3). Letter labels refer to the location of figures below. (b) Interbedded conglomeratic lenses,
DES3 in the bottomset of the Ilias delta. (c) Conglomeratic chutes in the bottomset of the Ilias delta (DE4). (d) Scour surfaces common within
complex heterolithic intervals (DES8) in the bottomset. This particular example is herein termed the ‘Xelidori Scour’. (e) Example logs comparing

the infill of scours (I) and chutes (II). Log II is projected from exposures behind the cliff shown in (d)
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transitional and debris flows and the dilute tails of turbid-
ity currents (Cronin, 2018; Lowe, 1982; Sumner, Talling,
& Amy, 2009). We interpret these deposits to represent
proximal off-axis or medial, lobes, or apron sedimentation
dominated by sand-rich to gravelly, weakly or non-confined
gravity currents in the proximal-medial part of bottomset
and basin floor fans (Cronin, 2018; Henstra et al., 2016).
Conglomeratic layers and the lack of clear coarsening- and
thickening-upward cycles likely represent fluctuation in
sediment flux or autogenic variations (MacDonald, Peakall,
Wignall, & Best, 2011).

4.2.6 | DEG6 - Winged conglomerates

Description

Laterally-extensive conglomerates (Figure 7) have undulose
bases, with a thicker (~0.5-1.5 m), locally erosive-based
central portion, and thicken and thin laterally over ~500 m,
in response to underlying contorted and deformed deposits.
The edges of some conglomerates contain inclined surfaces
that can drape and expand from surfaces that overlie the
margins. Typically, the conglomerates comprise moderately

Basin S eace—WILEY—""

to poorly sorted, sub-rounded to sub-angular pebble-cobble
grade conglomerates in a poorly sorted sand-rich matrix.
Conglomerate extraclasts are limestones, with subordinate
phyllites, cherts and sedimentary clasts, and up to boulder-
sized mud-intraclasts.

Interpretation

The process responsible for the deposition of these con-
glomerates is interpreted to be highly concentrated (de-
bris) flows (Cronin, 2018; Postma, 1986; Lowe, 1982). The
winged geometry is attributed to flows that were initially
focussed into topographic lows above rugose debrite and
slump relief, which spilled and expanded as the deposi-
tional topography healed. Inclined stratification at the lower
margins of these bodies are interpreted as lateral accretion
surfaces/bars, which occur in combination with overall
thickness changes (Kane, Dykstra, Kneller, Tremblay, &
MccCaffrey, 2009). The environmental setting was dynamic,
with abrupt changes between 1-2 m thick conglomerates
and successions of finer grained intervening deposits rep-
resenting much lower sedimentation rates, interrupted by
episodic slump and slide events.

Intervenmg intervals of mudstones (DE1)
and minor DES5.

s

40'm

DE3: More tabular,
sheet-like conglomerates

200 m

FIGURE 7 (a) Outcrop photopanel and sketch of cliffs to the north of Ligia viewed from the road to Pyrgos showing the development of

winged, conglomeratic bodies (DE6) mantling the topography generated by small discontinuous slumps (DE9). Viewing direction is towards the

NE. (b) Sketch-log for location shown in (a), thickness measurements of units confirmed with digital outcrop model
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FIGURE 8

(a) Photograph showing an approximate dip section of cliff faces near the village of Stomio that present laterally continuous

composite conglomeratic sheets (DE7a) interbedded with sand-rich and frequently scoured intervals, common in the distal bottomset (DES

and DES). Green deposits are slumps (DE9). (b) Strike-section through exposures of the distal bottomsets between the village of Stomio and

Skoupeikia/Kalithea. Coarse-grained bodies are highlighted with intervening stratigraphy generally comprising heterolithic, but mud-rich facies

4.277 | DE7a- Conglomeratic sheets
Description

Conglomeratic sheets (2-8 m thick) are 0.5-1 km long and
~0.5 km wide, and tend to have sharp, non-erosional bases, and
uneven tops that grade into deformed heterolithic to sand-rich
portions (Figure 8). Typically, the conglomerates are clast-
supported, with matrix-supported portions, containing large
pebbles and cobbles and rare small boulders (30—40 cm diam-
eter). Conglomeratic sheets appear amalgamated, although lo-
cally well-developed metre-scale cross-stratification is picked
out by variations in clast concentration. The conglomeratic
sheets are separated by either thin (<1 m) mud-rich succes-
sions, or thicker (1-5 m thick) sandstone-dominated hetero-
lithic successions (DES5/DES), and are commonly observed
immediately downdip of winged conglomerates.

Interpretation

Conglomeratic sheets are interpreted as the deposits of hyper-
concentrated flows and debris flows. Typically, they appear
as a single discrete deposit, although cross-stratification at the

edges suggests some are constructed by multiple events amal-
gamated at the axis. Overlying heterolithic to sand-rich upper
divisions are interpreted to represent deposits from cohesive
flows, similar to mud-rich contorted tops of hybrid flows
(Bozetti, Cronin, Kneller, & Mark, 2018; Haughton, Davis,
McCaffrey, & Barker, 2009). The sheets are interpreted as the
proximal and axial parts of subaqueous lobes. The spatial tran-
sition from erosional-based, winged conglomerates into con-
glomeratic sheets suggests these may have formed in localities
where flows underwent hydraulic jumps.

4.2.8 | DE7b - Sandstone sheets

Description

Tabular bodies (0.2-0.5 m thick) comprise amalgamated,
massive to weakly normally graded medium-fine sandstones
observed in cliff faces as proud-weathering coarse-grained
ridges (1-10 m thick). Normally graded sandstones show
well-developed planar lamination and current ripple lami-
nation at bed tops, which either grade into convolute lami-
nated mud-rich bed caps, or form abrupt grain-size breaks to
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normally graded mudstone caps (~0.1-0.2 m thick). Angular,
small to large pebble-sized mud chips are common. Rare
coarsening- and thickening-upward trends are separated by
mudstone intervals (DE1) and sheet like heterolithics (DES).

Interpretation

Sandstone sheets are interpreted as deposits of sand-rich
turbidity currents and muddier hybrid or transitional flows
(Haughton et al., 2009; Kane, Pontén, Vangdal, Eggenhuisen,
& Hodgson, 2017; Lowe, 1982). Tabularity and lateral extent
suggests deposition in a weakly confined setting where flows
expanded laterally and are interpreted as the medial to distal
parts of lobes in basin floor fans (MacDonald et al., 2011).

4.2.9 | DES - Lenticular heterolithics

Description

Sandstone- and gravel-rich successions that comprise lenticular
bodies, which overlie and are cut by scours, forming bedsets
5-10 m thick and 100-300 m long. Scour surfaces can be draped
by mudstones and fine sandstones, and are passively onlapped
by conglomeratic beds. Sandstones/gravelly sandstones contain
large pebble/boulder-sized sedimentary intraclasts and multiple
internal erosion and amalgamation surfaces. Intercalated finer
grained units comprise interbedded tabular sandstones and silt-
stones, and rare mudstone/marlstone units (~1-5 m thick).

Interpretation

DES is interpreted to characterise areas prone to scouring,
such as base-of-slope or very proximal parts of lobes. Scour
surfaces mantled by mudstones and sandstones represent the
finer grained tails of largely bypassing flows. Where these
flows are not bypassing and/or partly confined they deposit
as conglomeratic debrites infilling scours. Minor laterally
pervasive (10s of metres) mud-rich intervals reflect periods
of relative quiescence (e.g. Strachan et al., 2013). Large
sedimentary intraclasts in sandstone suggest proximity to
updip erosional features, such as chutes or minor channels.

4.2.10 | DE9 - Chaotic and contorted units

Description

DEDY includes a range of highly deformed and laterally ex-

tensive deposits that are largely mudstone rich but are highly

variable and heterolithic with up to conglomeratic megaclasts
or competent horizons. DE9 is subdivided into two principal
end members:

A Sub-decametric to decametric-scale, deformed heterolithic
units that range from well-developed sheath folds with
traceable internal stratigraphy to entirely disaggregated
with 10 m diameter megaclasts

B Kilometric-scale deformed stratigraphy northward verging
sheath folds and thrust faults with large throw (>50 m).

Basin %EAGE —WI LEYM

Interpretation

Chaotic and contorted units are interpreted to represent a
range of mass transport deposit (MTD) depositional pro-
cesses ranging from large (kilometres wide by 100s of me-
tres thick) coherent, slides through intermediate (100s of
metres long by 10s of m thick) slumps and debrites, to small
(<1 m thick) slumps and debrites. These mud-rich MTDs
were likely sourced through remobilization on adjacent steep
slopes.

43 |

The ~800 m thick West Xylokastro RDF stratigraphy is
split informally into a Lower and Upper Sub-Formation
(Figure 2) to separate key areas of exposure constraint and
stratigraphic differences explained herein. The clast as-
semblage data support an Ilias (Olvios drainage) source
area (Gawthorpe et al., 2018; Rohais, Eschard, et al.,
2007). We subdivide the stratigraphy further into 10 units,
numbered WX1-WXS8, plus the Pyrgos Member and the
Likoporia Slide, using regionally correlated stratigraphic
surfaces, lithological or architectural differences, and
dip projection along and between cliff sections (Figures
2, 3 and 9). Structural and stratigraphic mapping (Figure
2) shows that some units can be mapped from the Ilais
delta foresets (Figure 10) 8—9 km downdip in a basin-axial
fairway, as defined by palaeocurrent data (Figure 9 and
Gawthorpe et al., 2018). We characterise spatial domains
with respect to the base of the Evrostini/Ilias delta foresets,
which geometrically define a break-in-slope. ‘Proximal’
describes a 0-2 km tract from the base of the Ilias fore-
sets, ‘Medial’ from 2-5 km, and ‘Distal’ from >5 km of
the base of foresets before a basin floor ~6-7 km from
the base of the foresets. These units and their correlation
are summarised in Figure 9. We also identify a transverse
system (e.g. Figure 3b), limited to 1-2 km from the im-
mediate West Xylokastro Fault scarp. This system is in-
terpreted to be distinct based on: (a) northward verging
thrust faults and sheath folds within mass transport depos-
its in this region, (b) minor occurrences of conglomerate
assemblages in fault-proximal locations unlike Ilias as-
semblages (i.e. deficient in metamorphic clasts), and (c)
spatially limited chaotic boulder clast rock-fall type depos-
its and chaotic/massive mudstones, typical of fault-scarp
apron systems (Henstra et al., 2016; Sharp et al., 2000;
Strachan et al., 2013) in the immediate hangingwall area.
These are identified on Figures 2 and 3 as the ‘Western
Transverse System’ (WTS), ‘Central Transverse System’
(CTS), and ‘Likoporié Slide’. The Upper WX and Pyrgos
Members form part of latter stage uplift of the system,
which is not the primary focus of this study and so are only
described in their assistance to the mapping of structures
and stratigraphy.

Definition of stratigraphic units
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FIGURE 10 Overview of correlations of key stratigraphic surfaces in the Ilias delta foresets to bottomset units. (a) Digital outcrop model

showing key unit bounding and intra-unit surfaces. Stereonets (located by white roman numerals on the model) measure foreset dip showing a

progressive rotation from NW dipping 1 to NNE dipping 5 through an approximately 1D section. All are lower hemisphere projections showing

poles to bedding. (b) Zoomed-in photograph highlights Surfaces 4-5 showing stratal termination styles in association with the development of
WX4. (¢c) UAV photograph showing the stratal architecture in the foreset-bottomset transition in WX5 and WX6. (d) Overview photograph of Ilias
delta foreset to bottomset transition showing key statal surfaces, bedding relationships and outcrop extents for WX3 to 7

431 | WX1

The base of WX1 does not crop out. Proximally, WX1 typi-
cally comprises marlstones (DE1) with ~500-700 m wide
packages of lenticular heterolithics that are gravel-rich (DES)
and sheet-like, sand-rich heterolithic deposits (DES). More
distally, WX1 comprises marlstones (DE1) with rare sheet-
like heterolithic deposits or rare, thin (<1 m) conglomeratic
sheets.

432 | WX2

We correlate WX2 over ~8 km downdip from the proximal
region of the Ilias bottomsets (Figures 6 and 9). The basal
bounding surface, Surface 2, is traceable at similar structural
elevations in much of the Mentourgianikia Valley, and has
three characteristic styles within the proximal bottomset:

(i) Numerous large (~10s of m wide, several m deep)
scour-fills, such as the Xelidori Scour - Figure 6)
forming a composite surface (e.g. Xelidori Channel
in Trout, 1999; Ilias Channel Levee system in Rubi
et al., 2018).

(ii) Subtle changes from heterolithic/gravel-rich WX1 to
boulder clast, chaotic deposits infilling scours or chutes.

(ii1) Basal surface of CUBs (Section 4.2).

Three kilometres downdip, distinct grain-size and architectural
changes mark Surface 2, with large incision surfaces that in-
cise into WX1 overlain by WX2 conglomeratic channels/sheets
(panels E and F in Figure 9). Seven kilometres further downdip
of the base of the Ilias foreset, Surface 2 is not exposed.
Proximally, WX2 is extremely variable and com-
prises sheet-like and scoured, sand-rich turbidites and
gravelly and conglomeratic debrites (DE5 and DES),
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convex-up bodies (DE2) and minor, conglomerate-filled
chutes (DE4). This variability occurs within a ~3 km?
area (~1.5 km wide and ~2 km long) at the base of fore-
sets, likely due to process variability (both spatially and
temporally) along the foreset of the Ilias delta. There is
no observable vertical trend in the arrangement of these
depositional elements. In the medial domain, WX2 com-
prises conglomeratic and sand-rich sheets (DE7a, b), and
sheet-like and complex heterolithics (DE5 and DES).
Here, the upper part of WX2 comprises a ~10 m interval
of marlstone (DE1). In the transition between the medial
and distal domains, WX2 comprises mudstones (DE1)
and minor sand-rich heterolithic intervals (5-10 m thick),
coincident with an increase in eastward dips to 10-15 de-
grees (Figures 2 and 9) in response to a minor, intra-ba-
sinal fault (Fault 1, Figure 2). In the distal basin floor
domain, a change in the thickness of typical depositional
elements occurs over ~500 m between panels E and F
(Figure 9). Conglomeratic sheets become the main com-
ponent, comprising at least 15 m of the lower part of the
unit (Surface 2 is poorly defined distally), with the over-
lying ~10 m marlstone thinning to ~2—4 m. A minor ele-
ment of WX2 in its distal portion are slumps and debrites
(DE9), which are more common towards the centre of the
depocentre, and are interpreted to form from fault scarp
apron collapse from the south. The significant proportion
of conglomeratic depositional elements are restricted to
the hangingwall of, and downdip from, an intrabasinal
structure, Minor Fault 1 (Figure 2).

WX3

WX3 is bound at its base by Surface 3, which can be cor-
related from a 5 to 15 m deep erosion surface, overlain by
massive conglomeratic foreset deposits (30-50 m thick;
Figures 10 and S2) to an erosive surface overlain by con-
glomeratic chute-fills in the proximal bottomset (DE4, Figure
6¢). Toward the medial bottomset (~2 km from the base of
the foreset), Surface 2 is conformable with the marlstone
package in the uppermost WX2, overlain by relatively thin
(0.5-1.5 m) conglomeratic sheets (DE7a) of the basal part
of WX3. The most distal expression of Surface 3, near the
village of Skoupeikia (Figures 8 and 9), conformably sepa-
rates a southward thinning WX2, and an overlying southward
thickening WX3.

Typically, WX3 comprises various coarse-grained el-
ements. Proximally, it comprises a 40-50 m stack of ~15-
30 m thick conglomeratic chute-fills (DE4, Figure 6a,c) with
minor slumps (DE9) in the east (1-5 m thick, ~100-200 m
wide). In the medial domain, winged conglomerates (DE6)
dominate WX3 (Figure 7), which overlie and locally in-
cise small slumps (DE9) and mudstone/marlstones (DE1).
The winged conglomerates abruptly fine 200 m basinward

433 |

to sandstone-rich heterolithics (DE8) with scour-fills sepa-
rated by minor (1-5 m thick) mudstone intervals (DE1). In
this region, eastward dips increase in magnitude in response
to Minor Fault 1 (Figure 2), before shallowing out where
the stratigraphy changes abruptly to winged and sheet-like
conglomerates (DE6 and 7a), sheet and lensoid heterolithics
(DES5), and minor occurrences (<5 m intervals) of mudstones
(DE1). Photogrammetric models reveal scour-fills (~10s of
m wide and 1-5 m deep) overlying sandstone dominated
elements (DE8). We interpret that the change in slope from
Minor Fault 1 leads to a sediment bypass-dominated zone
(sensu Stevenson et al., 2015) within WX2 and WX3 in this
region. The break-of-slope towards the centre of Minor Fault
1 leads to the deposition of a thicker conglomeratic sheet suc-
cession in the Stomio cliff faces (Panel F, Figure 9). Here, lat-
erally extensive mudstones between conglomeratic sheets are
interpreted to represent periods of reduced coarser grained
sediment supply to the distal bottomsets and basin floor in
this region. The conglomerate sheets near Stomio (Panel F,
Figure 9) fine and thin eastward near Skoupeikia/Kalithea
where WX3 comprises sand-rich sheets (DE7b), lenticu-
lar heterolithics (DES8), and minor conglomeratic channels
(DE4). Minor slumps and debrites become more prevalent
and thicker toward the east/centre of the depocentre. Most
conglomeratic depositional elements are restricted to the
hangingwall of and downdip from Minor Fault 1 (Figure 2).

434 | WX4

WX4 is a regionally extensive marlstone-dominated unit.
The lower bounding surface, Surface 4, in the bottomset
is subtle, and represented by a transition into fine-grained
stratigraphy. In the foreset of the Ilias delta (Figure 10),
Surface 4 truncates underlying WX3 foreset deposits, and
is locally downlapped by WX4 foresets. In this region it
comprises two mudstone-dominated intervals (Surface 4.1
and 4.2) separating sandstone-dominated foreset pack-
ages (~10-15 m thick), with upward changes of dip direc-
tion in this region of the foreset from NW to N. WX4 in
the immediate bottomset region is ~45-50 m thick. WX4
gradually thins eastward/distally to ~15 m recorded near
Skoupeikia/Kalithea in the distal bottomset/basin floor.
Further eastward minor slumps (DE9) are prevalent within
WX4.

435 | WX5

WXS is recognised in the Ilias delta conglomeratic and sand-
rich foreset deposits that downlap onto Surface 5. In the bot-
tomset, this surface correlates with a stratigraphic change
from WX4 mudstones and marlstones, to conglomeratic and
sand-rich WXS5, although locally this surface is hard to iden-
tify due to the variability of WXS5. Distally, WX4 tops many
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cliff exposures so Surface 5 is not exposed, with the excep-
tion of cliffs near Skoupeikia/Kalithea (Figure 8b) where
Surface 5 is marked by a change from mudstone-dominated
WX4 to heterolithic WXS5.

At the foreset-bottomset transition, WX5 is a ~15-20 m
thick succession of interbedded conglomeratic lenses (DE3)
and minor heterolithic intervals (DES8; Figure 6a,b). More
distally, lenticular and sheet-like heterolithics (DE5 and
DES) comprise WXS5, although exposure is limited.

WXé

The base of WX6, Surface 6, is marked by an erosion sur-
face in the proximal bottomset overlain by an increase in
the proportion of conglomerates, and a change in the ar-
chitectural style (Figure 10c,d). Packages of conglomerate
are more stratified towards the top of WX6, and thin to-
ward the foreset and downdip. In the eastern part of the
proximal bottomsets WX6 comprises sheet-like, gravel and
sandstone-rich heterolithics (DE5) that are locally incised
by conglomeratic and sand-rich channel bodies (DE4).
Where exposed distally, WX6 is overlain unconformably
by a beach deposit near Stomio (Panel F, Figure 9). Near
Skoupeikia/Kalithea, WX6 comprises ~3—5 m intervals of
gravel or sand-rich heterolithics and sheet-like heterolith-
ics (DES and DES) interbedded with 5—-10 m intervals of
mudstones (DE1).

43.6 |

WX7

Surface 7 is identified in the proximal bottomsets by under-
lying truncated steeply dipping massive conglomerates, and
overlying onlap of massive, stacked conglomerates of WX7
(Figure 10c). This records the youngest stratigraphy seen in
the proximal bottomsets, exposing a 30 m thick section of
massive conglomerates (DE3), with an overall fining- and
thinning-upwards trend.

Distally, near Skoupeikia/Kalithea, WX7 is distinguished
from WX6 by the presence of a 5-10 m thick, 600 x 500 m
mass transport deposit (Figure 11). This mass transport de-
posit varies from highly chaotic and disaggregated poorly
sorted sandy mudstone with up to 2 m diameter boulders of
conglomerate (Figure 11la), through more coherent folded,
mud-rich stratigraphy with floating boulders, to normal
faulted coherent stratigraphy (Figure 11b,c). Normal faulted
domains are restricted to southern areas, whilst compressional
and highly disaggregated domains are present at edges and
northern domains (Figure 11c). We interpret this to represent a
northward transport direction, from collapse of the fault scarp
apron in the immediate hangingwall of the West Xylokastro
Fault.

WX7 and WX6 mostly comprise sheet-like sandstones
and sheet-like and lenticular heterolithics. In the southern

437 |
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portion of WX7, it is incised by channels of the Pyrgos
Member by ~20 m.

438 | WX8

A 600 m wide area of no exposure across the Skoupeikos
river valley prevents direct observation of the change in
character from conglomeratic/gravel rich WX7 to tab-
ular sandstone and mudstone-prone stratigraphy to the
east of the river. Projection of dip east of the Skoupeikos
River suggests this is above WX7 and given the change
in character is considered a separate stratigraphic unit,
WX8.

East of Skoupeikia, ‘badlands’ topography and vegeta-
tion dominates as a result of the more mud-rich stratigraphy.
However, several coarse grained ridges/horizons (~10 m thick)
are tracked between outcrops, which comprise sand-rich lobes
(Figure 12). Figure 12 shows an overview of a terraced olive
grove that allows access to the “SKOUP-1" lobe horizon. Finer
grained deposits mainly comprising homogenous matlstones
interspersed with thin sandy turbidites dominate the basal part
of these exposures (1C2, 1H, 1C and 1B in Figure 12c). The
upper part of these exposures (1D, 1G, 1F, 1E in Figure 12c)
are coarser and dominated by amalgamated, gravelly, high-den-
sity turbidites, hybrid beds and debris flows (DE7b). Similarly
in the “SKOUP-0" lobe (Figure 12d), tabular, amalgamated
sandstone beds form packages (DE7b) interbedded with heter-
olithic intervals, which are 0.5-1 m thick (DES, minor DE1).
Thicknesses (~2—8 m), facies and nature of these features (tabu-
lar and rare thickening and coarsening up successions), are sim-
ilar to lobe elements identified in the Ross Formation, Ireland,
by MacDonald et al. (2011).

439 |

The proximal Pyrgos Member (Figures 2 and 13a,b), com-
prises a ~100 m thick succession of conglomerates. It is
underlain by steeper dipping RDF stratigraphy separated
by a surface interpreted as an erosive surface. This surface
might have been a locus for later deformation, which may
have enhanced this angular discordance. Close inspection
of this surface across the study area is not possible given
limited accessibility and variable quality of the exposure.
Typically, the conglomerate beds (0.3—0.8 m thick) are mas-
sive, comprise small-medium pebbles, and can be clast- or
matrix- supported with a poorly sorted, clay-silt-gravel
matrix. Downdip, this surface projects ~3 km into NE-SW
trending conglomeratic channel (~100 m wide and ~35 m
thick, Figure 13b) near Skoupeikia/Kalithea and Vyiazinika
(Figures 2 and 13c.d) filled with cobble/boulder grade con-
glomerate deposits from debris flows and hyperconcentrated
flows. Many of these conglomeratic deposits (e.g. Figure
13d) show clast long-axis imbrication (Ap/Ai sensu Harms,

Pyrgos Member
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FIGURE 11 (a) UAV Photograph from the northern face of the Skoupeikia exposures highlighting the interbedded Slump which marks the base of
WX7 in this region. The slump is highly chaotic and disaggregated and poorly sorted with and boulder sized conglomerate blocks. Top Right is an inset

map for the locations within the figure. (b) Annotated photomosaic of the northern section of the same MTD body highlighting intense normal faulting. (c)
3D outcrop model view of the locations within 11a,b highlighting the spatial change in the style of deformation within the MTD at the base of WX7

Southard, Spearing, & Walker, 1975) in coarse sand-gravel 13d,e) is towards the NNE which is concomitant with the
matrices or have an open framework. Where this is the case, orientation of the Pyrgos Member and its exposed channel-

clast orientation can be treated as parallel to palacoflow. fills (Figure 13).

Clasts in the Pyrgos Member conglomer-

Palaeoflow from clast imbrication in these beds (Figure ates comprise limestone, with subordinate cherts, sandstones
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DE?1: Silt-f.sand dominated but heterolithic

DE1: Silt-f.sand dominated but heterolifhli:
(occasionally medium sand LDTs)

FIGURE 12

(a) Overview outlook from small cliff above western Skoupeikia looking towards the NE showing various cliff exposures

with correlatable coarse-grained ridges interpreted as lobe packages. SKOUP-0 and SKOUP-1 are highlighted in yellow boxes. (b) Overview

of SKOUP-1 exposures in a terraced olive grove with log localities presented in C highlighted in yellow. (¢) Sedimentary logs from SKOUP-1

exposures shown in B highlighted the generally finer grained facies compared to proximal deposits and development of typical lobe facies. No

correlation is implied. (d) Outcrop photograph in SKOUP-0 showing tabular, amalgamated sandstones overlying interbedded siltstones and
mudstones (DE7b and DE1) similar to lobe element deposits described in MacDonald et al. (2011)

and metamorphic clasts, indicating connection to the same
hinterland drainage as the Evrostini/Ilias delta. The proximal
part of the Pyrgos Member is at the junction of the Ilias delta
and the evolving WXF segment.

The Pyrgos Member is considered part of the broader Ilias
delta system; however, we propose it as a distinct mappable
unit based on extensive exposures of conglomeratic chan-
nel-fills (DE4), which is markedly different to stratigraphy
adjacent and beneath it. This downdip continuity has not
been recognised in previous mapping (e.g. Rohais, Eschard,
et al., 2007) as this was focussed to the west of the West
Xylokastro Fault. The Pyrgos Member may be stratigraphi-
cally equivalent to WX8 as it erodes into WX7, however poor
outcrop continuity and an absence of biostratigraphic con-
straint across the Skoupeikos River valley does not permit a
direct observable connection over a broad area of no expo-
sure, and so they are considered and described separately. We

acknowledge that the Pyrgos Member channel-fills may well
have been a feeder system for WX8.

4.3.10 | Fault-proximal RDF (Western
Transverse System and Central Transverse
System)

In the western Skoupeikos River valley (Figures 2 and
13b), stratigraphy 0-1.5 km from the fault scarp is exposed.
These comprise basinward (northward) dipping marlstones
and sandstones as part of a fault related monocline (Lewis,
Jackson, & Gawthorpe, 2015; Sharp et al., 2000) equivalent
to the lowest stratigraphy in the area (WX1 and WX2). These
are interdigitated with chaotic, large boulder clast breccias
and conglomerates and only reach ~500 m away from the
fault (Figure 13c). We interpret these as tallus deposits com-
prising rockfall breccias and mass wasting events related to
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FIGURE 13 (a) Overview of the proximal portion of the Pyrgos Member uncomformably overlying and incising into axial WX deposits,

taken from northern slope of the West Xylokastro Horst. (b) Pyrgos member channel forms near Skoupeikia with accessible, similar architectures

observed in (d) at the base of the cliff. (c) Outcrop photograph in the lower Skoupeikos valley showing chaotic, rock fall deposits forming a

significant angular unconformity on seaward/basinward tilted axial WX1/2 deposits. (d) Conglomeratic deposits typical of the Pyrgos Member.

(e) Pebble long-axis orientations measured in (d). These have not been restored for any tectonic tilt in the absence of a definitive palaeohorizontal;

however bedding is approximately horizontal in this location

fault scarp degradation or input from minor, transverse, prox-
imal point sources on the uplifting Xylokastro Horst.
Toward the centre of the fault, the characteristics of the hang-
ingwall transverse fairway are notably different from that in the
west (Pyrgos Member and WTS). The hangingwall apron is
more mud-rich and mass-transport dominated, with thinner, less
extensive (1-15 m thick, 100500 m wide) mass transport de-
posits (debris flows, slumps, slides) interbedded with the axial
fairway toward the east. To the west we observe the development
of large, mass transport complexes (e.g. Likoporia Slide) and
chaotic mudstone-rich stratigraphy onlapped by undifferentiated,
axially derived sand-rich stratigraphy (Figures 2, 3b and 14).

4311 |

The Likoporia Slide covers ~4 kmz’ with 50-100 m thick thrust
sheets and ~300 m high sheath folds in the northern portion
(Figure 14). Thrusts and folds verge N/NE, in keeping with
transport from the WXF scarp-apron into the main depocen-
tre. The Likoporid Slide is mud-dominated, with deforma-
tion picked out by sandstone and conglomeratic beds, which
highlight ~100 m amplitude, tight recumbent folds and thrust
faults (Figure 14b,c). Conglomerates show an absence of
metamorphic clasts, suggesting that the Likoporia Slide was
sourced from the WXF scarp. The thrust sheets at the toe of
the Likoporié slide extend 2.5 km from the hangingwall cut-off
indicating that the basinward (northern) extent of the central
transverse fairway/Likoporia Slide is much greater than in the
east. With the exception of the thrusted toe of the Likoporia
Slide (Figure 14a), the northern part of the Likoporia Slide is
offset by an intra-basinal fault (Minor Fault 3, Figure 14c), the
hangingwall of which hosts the Upper WX succession. Several
correlative horizons (Numbered 10-45) are present within
Upper WX. The position of the Likoporia Slide within the foot-
wall of Minor Fault 3 means it must pre-date WX8. However
the western edge of the Likoporia slide is poorly exposed and so
accurate determination of its timing carries some uncertainty.

Likoporia Slide

5 | BASIN EVOLUTION OF THE
WXFB
5.1 | Lower WX

Figure 15 summarises our interpretation of the co-evolution
of structural and depositional elements and their ultimate

impact on the palaeogeography of the WXFB. WXI1 records
Ilias fan delta progradation over the western tip of the WXF,
and the initial infill of the depocentre with >30 m of fine-
grained material in the distal parts of the basin (e.g. Figure
15a, Panel E in Figures 8b and 9). Coarser material was
restricted to the proximal bottomsets (i.e. thin conglomer-
ates of upper WX1 in Figure 6d,e). At the base of foresets,
Surface 2 comprises a composite scoured surface with coarse
clastic sediments overlying Surface 2 in the deeper basin
(panel F in Figure 9), suggesting a sediment bypass-zone
(Elliot, 2000; Stevenson et al., 2015). Comparatively low
throw (<50 m) and sub-parallel intra-basinal faults affected
parts of the axial fairway, focussing conglomeratic hyper-
concentrated/debris flows into subsidiary depocentres in the
hangingwall of minor faults, whereas finer grained turbidity
currents could deposit across the depocentre, even on intra-
basinal highs.

In the proximal bottomset, Surface 3 hosts chutes and
small channels (Figures 6a,c and 15b), whilst Surface 3 is
overlain distally by ~5 m fine-grained interval between con-
glomeratic material of WX2 and WX3 near Stomio (Figure
9a) and comprises a compensational surface at the lateral
and distal fringe of WX2 near Skoupeikia/Kalithea (Figure
8b). Due to the widespread increase in sediment supply to
the deep-water, we interpret the formation of Surface 3 to be
related to a relative base level fall (Figure S2), followed by
progradation of the delta. The Stomio faces record a change
from axial to fringe position, which may be related to
changes in sediment dispersal during the relative base level
fall or by realignment of the updip sediment pathway with
intra-basinal minor faults that routed sediment elsewhere.
This change in dispersal pattern results in downdip loca-
tions receiving less coarse-grained supply and an increase
in mass transport deposits (DE9) from the WX2 and WX3
units despite the interpreted relative base-level fall. MTDs
in the modern, offshore Gulf tend to be in-phase with local
increased sediment supply patterns providing a pre-condi-
tioning mechanism for slope failure (Beckers et al., 2018).
In the WXFB, exposure of parts of the uplifting WXF foot-
wall and apron during the interpreted relative base level
fall might have provided increased supply permitting such
pre-conditioning.

WX4 mudstones and marlstones highlight a basin-wide
hiatus of coarse clastic deposition. Correlation of WX4 into
the Ilias fan delta with a transgressive surface and associated
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FIGURE 14 The north-eastern toe of the Likoporia Slide is dominated by several thrust sheets showing overturned soft-sediment fault-
propagation folds, with its southern-most portion comprising an extensive sheath fold. (a) Thrust faults (and associated folds) verge northwards
indicative of a northward transport direction. (b) Deformation in the slide can intensely deform the stratigraphy, overturning or rotating of bedding
and displacement along intra-slide thrusts. Folds have wavelengths and amplitudes varying from 50 to 100 m. (¢) The Likoporia Slide (left) has

a large (>100 m) amplitude sheath fold in it's central portion which is in the immediate footwall of minor fault 3 which hosts the Upper WX
stratigraphy correlated from the west. This Upper WX stratigraphy is dissected by minor faults (throws between 10 and 40 m)

relative highstand portion of the fan delta, WX5, which marks
the return of coarse clastic sediment supply to the deep-water
basin (Figure 15C) shown by the downlap of WXS5 foresets
onto WX4 (Figure 10). The distal WX4 contains slumps sug-
gesting the maintenance of transverse supply. Whilst distinct
to WX4, we propose that the Likoporia Slide was contem-
poraneous as there appears to be little influence on WX2-3
stratigraphy compared to the northward palaeocurrent swing
noted in the overlying WX6 (Figure 9). However, the precise
timing of the Likoporia Slide remains uncertain. Base level
rise as a trigger for mass-transport emplacement is well doc-
umented in similar systems (e.g. Beckers et al., 2018; Zitter et
al., 2012), although discriminating this from other allogenic
triggers is challenging.

WX6 is marked by debrites and sand-rich turbidite
channel-fills. We interpret this lateral variation to reflect
the respective positions relative to the axis of the delta

through time; off-axis conglomeratic lenses (bars) in the
western part of the delta, compared to channel-fills pro-
duced by highly erosive flows downdip of principal flu-
vial outputs (Figure 15d). Surface 6/WX6 could represent
another relative base-level fall. However, this cannot be
confirmed by updip erosive surfaces (unlike in WX3) and
so could represent localised changes in sediment dispersal
patterns, or both. Intra-WX6 architectural features, such
as Surface 6.2, which thins and onlaps onto the foresets,
are interpreted to be a result of higher-order sediment flux
fluctuations, or ‘noise’ within the base-level change sig-
nal (Jerolmack & Paola, 2010), or reflect local, autogenic
changes typical of bottomset architectures. Downdip, WX6
shows alternation at metre scales from conglomerate-
dominated packages to finer grained packages containing
slumps and cohesive debrites (e.g. fine-grained interval at
the base of WX6 overlain by conglomeratic and sand-rich
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(a) WX1-2 (b) WX3
2 g 47
llias delta progades into WXF subsidence field Base level fall: delta progradation, incision on
with deepwater fans swinging axially toward Xylokastro horst, fault scarp degradation
main depocentre.
(c) WX4-5 (d) WX6-Upper WX
Transgression: \WX4 delta retrogradation, WX5 Net uplift: Following WX5 highstand, supply
highstand progrades to previous extent from high increase from full exposure of Xylokastro Horst.
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FIGURE 15 Summary evolutionary cartoons for the development of the WXFB hangingwall. (WXF = WXF, DF = Derveni Fault,

LF = Offshore Likopori4 Fault)

sheets in Figures 8b and 9). WX7, WX8 and the Pyrgos
Member mark continued progradation and supply of this
deep-water system, which reaches farther out to the east
as sand-rich lobe deposits (Figure 15d). The broadening
out of the depocentre in this region may have promoted

these lobe deposits, picked out by the ~1.5 km continu-
ous sandstone ridges south of Likoporia within WX8 (e.g.
Figure 12a). However, variable palaeocurrent orientations
(e.g. Figure 9) may indicate significant local variation and/
or confinement from intra-basinal structures (Ge, Nemec,



CULLEN ET AL.

Research leace
Gawthorpe, & Hansen, 2017; Ge, Nemec, Gawthorpe,
Rotevatn, & Hansen, 2018). These show focussing within
the broad depositional low into the hangingwall of Minor
Fault 3. The exact position and orientations of these lobate
deposits is uncertain given the poor accessibility and more
heavily vegetated exposures in this region. Upper WX rep-
resents the last deep-water stratigraphy seen in the area
prior to uplift to the present day configuration (Figure 15e).

52 |

The recent erosion and lack of exposure of the upper part
of the foreset and topset (if present) in the Ilias exposures
makes definitive determination of base-level changes un-
certain, and so has given rise to a number of models (Gobo,
Ghinassi, & Nemec, 2014; Gobo, Ghinassi, Nemec, Sjursen,
2014; Rohais et al., 2008; Rubi et al., 2018; Zhong et al.,
2018). The primary focus of previous studies has been on
higher-order variability and sedimentary processes within
the immediate bottomset of WX4, WX5 and WX6 in the
broader stratigraphic scheme. Nevertheless, interpretations
made on the broader evolution have a number of agreements
and inconsistencies with the interpretation presented here.
The expansion of area studied both spatially and stratigraph-
ically presented here compared to previous studies provides
greater context for the Ilias delta. For example, Rohais et al.
(2008) place no significance on Surface 4 despite observing
the truncations, and subsequent backstepping of the delta,
which we interpret as the onset of a regional transgression.
Instead, Rohais et al. (2008) attribute this transgression to
a much thinner sand-rich stratigraphy between Surface 4.2
and Surface 5 in our scheme. We fail to see how this trans-
gression can only be limited to this portion given the trun-
cated and downlapping relationship underneath (either side
of Surface 4 in our scheme) and that the backstepping of
the delta must have occurred sooner than this (i.e. during
Surface 4).

These differences reflect the uncertainties in outcrop
correlation, which Rubi et al. (2018) and this study have
sought to address through the use of 3D outcrop mod-
els. Our interpretation of base-level change is broadly in
agreement with Rubi et al. (2018), albeit minor differences
exist. For example, Surface 6 base-level fall in this study
and Rubi et al. (2018) is overlain in the foreset to bottom-
set transition by conglomeratic deposits between Surface
6 and 6.1 in our scheme (Figure 10c), which we correlate
to conglomerate-rich deposits of similar thickness down-
dip in the bottomset. However, Rubi et al. (2018) interpret
that this package onlaps the erosional surface updip within
an area of no exposure and so mark this as the onset of a
transgression and deposition up the foreset slope. We see
no reason to invoke this, as we observe a consistently con-
glomerate-rich WX6 unit that thins up onto, but is largely

Comparison with previous studies

conformable with, the foreset (Figure 10d). We only ob-
serve onlaps in the bottomset at Surface 7, which coincide
updip to a fining up sequence, frequent appearance of finer
grained stratigraphy, and a more consistent back stepping
of the delta. Our observations of sub-unit scale fluctuations
in debrite- and turbidite-dominated stratigraphy (e.g. intra
WXS5) are in accordance with the observations and inter-
pretations of Gobo, Ghinassi and Nemec (2014), Gobo,
Ghinassi, Nemec, and Sjursen (2014) of high-frequency
changes within the base-level variability (Section 5.1). At
the larger scale, Rohais and Moretti (2017) and Zhong et
al. (2018) have considered the broader context of the West
Xylokastro stratigraphy. We see no evidence to support
the existence or influence of north-south transfer faults in-
terpreted in Zhong et al. (2018). However, we agree that
the Ilias delta and the bottomset region are dissected by a
number of minor faults that likely strongly impacted depo-
sitional fairways producing a dominant eastward axial fair-
way (sensu. Rohais, Eschard, et al., 2007; Rohais, Joannin,
et al., 2007; Rohais et al., 2008). Contrary with Rohais and
Moretti (2017), we do not interpret the West Xylokastro
hangingwall fill as representing a single, fault proximal,
asymmetrical channel complex with a northern asymmetri-
cal levee (sensu examples from Baja California in Kane et
al., 2009) and instead interpret the system on the basis of
the observations presented here, as a system chiefly com-
prising channelised lobes and MTDs.

6 | DISCUSSION
6.1 | The role of intrabasinal structures on
deep-water syn-rift sedimentation

Intra-basinal faults (Figures 2 and 16) dissected the
basin floor of the WXFB and form a key control on the
distribution of depositional elements. At the local scale,
intra-basinal faults can control the location of subsidiary
depocentres within the fault block (e.g. Figures 15 and
16a). For example, WX8 exposures sit within the subsidi-
ary depocentre generated by Minor Fault 3, which was ac-
tive at this time (Figure 15d). This topographic variability
on the basin floor can influence sediment dispersal pat-
terns. For example, above the footwall of Minor Fault 1 the
WX2/WX3 units are dominated by finer grained, sand-rich
turbidites (DE5, DE7b, DES8) and comprise coarse grained
facies (i.e. DE7a conglomeratic sheets) in its hangingwall
indicating its control on flows during deposition. Further
to the south of this structure, tabular conglomerates are
present at similar stratigraphic levels. Higher concentra-
tion laminar flows, such as conglomeratic sheet-forming
debris flows, are ground hugging and focussed into topo-
graphic lows, whereas dilute turbidity currents can deposit
on topographic highs (Figure 16b,c). Similar topographic
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Mass-transport apron is variable along strike with
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Minor faults capture conglomeratic, hyperconcentrated debris flows generating
asymmetric planform lobe geometry and facies distributions.

Fault 1 footwall crest receives much finer grained sedimentation from
axial system (sheet-like heterolithics comprising gravelly turbidites,
sand-rich turbidites and mudstone intervals)
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Progradation of EID amalgamates with fault-scarp apron - channelisation
promoted through confinement/funelling between amalgamated fault-scarp
apron and delta foresets and co-incident uplift.
Basin-floor fan becomes less conglomeratic than during the margin/early terrace phase.

|4 Progradation of apron pushes axial fan further to north, which may also be further
restricted by possible contemporaneous LF uplift. Interdigitated MTDs common.

Active minor faults continue to produce localised thickness and facies variations, even
in the distal end of fans
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FIGURE 16

(a) Intra-basinal structures act to locally enhance or disturb the subsidence field of the West Xylokastro Fault and locally

capture coarse grained depositional elements such as conglomeratic sheets (modified from Gawthorpe et al., 1994). (b) Intrabasinal structures

preferentially focus certain flow types into topographic flows which may receive more or less sediment according to the obliquity of an incoming
flow (modified after Bakke et al., 2013). (c) The effects of intrabasinal structures complicate the multi-input system creating fan asymmetry and

disturbing typical conceptual facies tracts for lobate systems. Through the progressive evolution of the system to Upper WX times, the apron and
EID merge generating highly efficient flow pathways promoting channelization between the fault scarp apron and the axial system. Intra-basinal

relays influence channel pathways

effects on gravity currents have been described from out-
crop (Bakke et al., 2013) and from observations in numeri-
cal models (Al Ja’Aidi, 2000; Al Ja’Aidi, McCaffrey, &
Kneller, 2004; Athmer et al., 2010; Ge et al., 2017, 2018).
The incidence angle of flows with respect to an intra-basinal
structure also influence where the coarsest/ground-hugging
flows are routed (Figures 15a,b and 16b). River avulsions
on the delta or sourcing of flows along a multi-point apron

may route flows away from the hangingwall of intra-basi-
nal structures, which can explain the fluctuations between
conglomerates to sand-rich stratigraphy within WX3 in the
hangingwall of Minor Fault 1. Alternatively, this varia-
tion is attributable to high-order sediment supply fluctua-
tions triggered by changes in climate and/or seasonality
(Armitage, Duller, Whittaker, & Allen, 2011; Collier et
al., 2000). The complexity from such a topographically
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variable basin floor means it is difficult to confidently
attribute a 1D (e.g. well-log) or limited 2D (e.g. isolated
outcrop) expression to such variations without consider-
ing the entire lateral extent of a stratigraphic unit. Figure
16b,c highlights how these intrabasinal structures can act
to impact the morphology of lobes and produce asymmetric
distributions of conglomerate (i.e. Lower WX) or promote
channelization in areas of pre-existing confinement (e.g. in
the syncline developed between the hangingwall apron and
the footwall dip-slope of Minor Fault 1). This proximity of
channels to the immediate hangingwall is observed in simi-
lar systems attributed to hangingwall monoclines/synclines
(Kane, Catterall, McCaffrey, & Martinsen, 2010; Kane et
al., 2009). The confinement could be generated by a com-
bination of fault-related topography and the topography of
a transverse apron.

6.2 | Controls on the formation and styles of
key stratal surfaces and intervals

In the absence of biostratigraphy or tephrostratigraphy, key
stratal surfaces and intervals can aid correlation. WX4 pro-
vides a mudstone-rich 10-30 m thick interval that is trace-
able throughout the study area. In the Ilias fan delta, WX4
is defined by finer grained deposits, with a geometry indica-
tive of transgression of the delta (Figure 10). Given its ex-
tent, we interpret WX4 to represent a basin-wide hiatus of
sedimentation, rather than localised or restricted avulsions on
the Ilias fan delta, although comparative exposure of deep-
water stratigraphy to the west of the delta is limited. WX4
is interpreted to have formed during a relative base-level
rise, although a decrease in hinterland sediment supply due
to climatic or drainage variation cannot be ruled out. Such
intervals are common in deep-water syn-rift successions and
attributed to phases of fault activity and associated deepen-
ing. However distinguishing these from eustatic base-level
rise alone is challenging without robust chronostratigraphy
(Dorsey, Umhoefer, & Falk, 1997; Henstra et al., 2016;
Strachan et al., 2013; Young, Gawthorpe, & Sharp, 2002).
The WX4 transgression was outpaced during the following
highstand by progradation of WXS5 in the Ilias fan delta that
returned coarse-grained material to the most distal part of the
West Xylokastro system.

Regressive surfaces (formed by base-level fall and/or in-
creased sediment supply) are most apparent and confidently
traced in the foresets and proximal bottomset, where they are
associated with geometric relationships, lithofacies changes,
and architectural changes. However, even within the proxi-
mal bottomsets, regressive surfaces show substantial vari-
ability over 1-2 km?”. The variability described over ~500 m
in Surface 2 from a composite bypass surface with litholog-
ical similarity to the basal surface of conglomeratic CUBs
highlights how identification of such surfaces in 1D data may

prove elusive. The change in character of Surface 2 could
be attributed to diachroneity/time of formation through a
given supply cycle forming such a surface (Barrett, Hodgson,
Collier, & Dorrell, 2018; Hodgson, Kane, Flint, Brunt, &
Ortiz-Karpf, 2016), or may reflect lateral variability in the
dominant process and nature of bypass operating in the highly
variable bottomset (Stevenson et al., 2015).

Regressive surfaces can be more subtle downdip. Surface
3 (WX2-WX3 boundary) in the proximal bottomsets and Ilias
fan delta is deeply (~10-35 m) erosive, hosting conglomer-
atic chute-fills. However, downdip, near Stomio (Figures 2
and 8a), in the hangingwall of Minor Fault 1, Surface 3 is
relatively conformable above WX2 conglomeratic sheets, and
overlain by a 3-5 m finer grained interval (basal WX3) be-
fore returning to conglomerate-rich sheets and lenticular het-
erolithics. The pervasive erosive nature of this surface in the
proximal region is difficult to reconcile with the fine-grained
interval overlying Surface 3 in the Stomio region, represent-
ing a temporary starvation of sediment to the Minor Fault 1
hangingwall. To the south, at the eastern edge of the footwall
dip slope of Minor Fault 1, are tabular WX3 conglomerates
(Figure 13d). This temporary starvation and change in charac-
ter from the proximal expression of Surface 3 in the hanging-
wall of Minor Fault 1 represents a lateral/off-axis deep-water
expression of Surface 3. Such lateral changes may be produced
or enhanced by the complexity of the sediment fairway where
complex basin-floor topography from intra-basinal structures
(Section 6.1) and/or mass-transport deposits (Section 6.3)
cause rerouting of flows. Complex fairway topography pro-
motes the possibilities of ponding, sediment storage or non-
deposition along the depositional pathway which can ‘shred’,
enhance or dampen updip stratigraphic signals (Forzoni,
Storms, Whittaker, & Jager, 2014; Jerolmack & Paola, 2010).
This leads to stratigraphic surfaces that may exhibit characters
atypical of the causal, regional allogenic mechanism or event
(e.g. mudstones during a base-level fall/supply increase) to
which they correlate because of greater in-situ control.

Subsidence and supply variation along a given fault seg-
ment can produce notably different stratigraphic architectures
and responses (Barrett et al., 2019, 2018; Gawthorpe et al.,
1994). The applicability of this in axial deep-water systems is
complicated, where deposits are a product of in-situ allogenic
parameters (i.e. high, fault centre subsidence) but strongly
rely on transport and reworking of material from locations
updip (i.e. fault-tip deltas with lower subsidence and high
sensitivities to eustasy). The representation of stratigraphic
surfaces in linked, syn-rift deep-water systems may there-
fore lie in whether the system is accommodation (in-situ) or
supply (Gilbert-delta) dominated at a given time or location
(Burgess & Hovius, 1998; Carvajal & Steel, 2006; Zhang,
Burgess, Granjeon, & Steel, 2019; Zhang, Kim, Olariu, &
Steel, 2019). Zhang, Burgess, et al. (2019) and Zhang, Kim,
et al. (2019) infer that this is principally reliant on shelf width
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and amplitude of base-level change from numerical models,
where high amplitudes of base-level variation decrease deep-
water sediment export only in large shelf width, supply-dom-
inated systems. However, Zhang et al. (2019) focus on wide,
well-established shelves. Syn-rift systems exhibit both very
high rates and magnitudes of accommodation generation and
high supply due to young, steep drainages from rapidly uplift-
ing hinterlands. This further acts to promote narrow shelves,
despite high sediment supply providing continued export of
sediment to the deep-water realm (e.g. Strachan et al., 2013).
We observe that the most limited delivery of coarse mate-
rial to the deep-water realm was during transgressions (e.g.
WX4). These periods may reflect the only time at which the
system was truly accommodation-dominated. The restriction
of this phenomenon to WX4, highlights that the rate rather
than magnitude of relative base-level change may be a key
control on the delivery of coarse grained sediment to deep-
water rift settings such as the WXFB. Shut-downs of coarse-
grained supply in such systems may be temporally restricted
(e.g. during transgressions) or permanent and trigger the
abandonment of a system. For example, longer-term changes
in delta position (sensu. Rohais et al., 2008) or drainage re-
versal according to catchment evolution could end delivery
to the deep-water.

6.3 | Interaction of multiple systems in
deep-water rift basins and their effect on
stratigraphic architecture

The WXFB was fed by both an axial deltaic and localised,
transverse fault-scarp apron. Extensive mass-transport de-
posits coeval with much of the Lower WX dominate the
central part of the transverse system. Slumps and deb-
rites up to ~2-3 km from the fault scarp have limited lat-
eral extents and thicknesses (typically <500 m wide and
<10 m thick), whereas very large, multi-kilometric slides
(e.g. Likoporia Slide) have a >2 km extent into the basin.
Minor and intermediate slumps appear to have longer run-
out distances and can interdigitate with axial stratigraphy.
These produce bed-scale undulations of seabed topography
(e.g. slumps underlying winged conglomerates; Figure 7),
which are mantled by overlying axial deposits. However,
the apron itself imparts a greater control on the entire axial
system, forcing it northwards. Conceptual models of rift
basins and single input numerical models predict that deep-
water flows will preferentially flow towards and deposit
in fault central areas (Athmer et al., 2010; Gawthorpe &
Leeder, 2000; Ge et al., 2017, 2018; Haughton et al., 2009;
Jackson et al., 2012). Jackson et al. (2012) proposed fore-
limbs of fault-related monoclines may offset axial deep-
water systems from being proximal to a fault, with surface
breaking faults allowing axial systems to run parallel to and
deposit in the immediate hangingwall to a fault. Similarly,
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where a transverse input is also operating, we observe that
this acts to offset the axial system from the fault scarp.
The most noteable expression of this is the Likoporia Slide,
which imparted at least 3 km of northward shift to the axial
system. Recognizing transverse systems and their possible
impact on sediment routing within axial systems becomes
important in subsurface applications; but may be difficult
where transverse systems are small, steep and chaotic, and
consequently poorly imaged.

This interaction creates a ‘Zone of Fairway Restriction’
(‘ZFR’ - Figure 17a). Whilst early fault growth (Figure 17
a(A), b(B)) does not produce a large scarp, instabilities on
the front of a monocline can trigger large, rotational slides
forcing axial systems substantially outboard of the fault lo-
cation. Local denudation of the structural high may occur
where relative base-level fall results in sub-aerial exposure
(Figure 17 a(B), a(D), and a(F)). If the scarp is emergent
and fed by an extensive and exposed margin, the transverse
system may be well-developed and force the axial fairway
substantially up the hangingwall dipslope uptowards the
footwall crest of the next basinward fault or further into
an open margin (Figure 17-a(E)). High supply transverse
systems may be able to fill their immediate hangingwalls
permitting development of narrow littoral zones/shorelines
atop aprons. If supply is high and constant enough, Gilbert-
type deltas, may even form at fault centres, for example,
Brae systems of the South Viking Graben (Turner & Allen,
1991; Turner, Bastidas, et al., 2018; Turner, Cronin, et al.,
2018), modern and Pleistocene western Gulf of Corinth
(Dart, Collier, Gawthorpe, Keller, & Nichols, 1994; Ford
et al., 2007; Backert, Ford, & Malartre, 2010; Ford et al.,
2016; Beckers et al., 2018). Conversely, if a drainage rever-
sal to the transverse system were to occur, this could lead to
a decrease in axial fairway restriction, with no (or limited)
drainage contribution to the transverse fairway.

Figure 17a highlights a continuum of scenarios that could
be present in space along a fault segment (e.g. Hodgson &
Haughton, 2004) or through the progressive evolution of a
fault block. Figure 17b shows an approximate temporal evo-
Iution where a monocline-driven mass transport dominated
apron can initially dominate the immediate hangingwall fol-
lowed by footwall degradation, which may be pulsed due to
periods of quiescence and/or eustatic base-level fluctuation.

Mixed input systems may experience different responses
to allogenic controls (sediment supply, seismicity, eustatic
sea-level variation, and structural topography), and may op-
erate in- or out-of-phase. Fault-scarp apron supply has been
linked to fault activity, with accommodation increase accom-
panied by chaotic degradation of fault scarps and sedimen-
tation (Henstra et al., 2016; Leppard & Gawthorpe, 2006;
Strachan et al., 2013). Fault activity and subsidence may
lead to relative base-level increases throughout the hanging-
wall, including fault tip deltas (Barrett et al., 2019; Collier
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& Gawthorpe, 1995; Gawthorpe & Leeder, 2000). However,
Gilbert-type fan deltas are observed to retrograde, decreasing
axial supply to the deep-water, whereas transverse systems
may show increased occurrence of slumps and debrites (e.g.
WX4 and Likoporié Slide). Mass movement from steep, fault
scarp slopes largely relies on pre-conditioning of slopes for
failure by processes that include relative base level change,
but also rapid increases in sediment supply, or drainage rear-
rangement (Beckers et al., 2018). In the WXFB, the size, spa-
tial extent and stratigraphic frequency of MTDs all increase
with proximity to the centre of the fault segment. Minor
slumps and mass transport deposits (DE9) also become more
common and thicker to the eastern end of the Stomio cliffs
and in the transition to the basin floor in this part of the stra-
tigraphy. This is consistent with being derived from an apron
that would be larger and prone to over-steepening through
loading and greater hydrostatic pore pressures promoting
slope failures (especially during transgressions (Beckers et
al., 2018)). Slumps and mass transport deposits that form the
transverse apron are commonly observed in association with
axial conglomeratic sheets, or sand-rich deposits (WX3 and
WX6 in Figures 8 and 9) during coarse-grained delivery to the

deep-water basin (Figure 9). In the western Gulf of Corinth,
recent (Holocene) MTDs are spatially associated with some
of the largest fan deltas (Selinous, Meganitis, Erineous) fed
by the higher supply drainages in that region (Beckers et al.,
2018; Ford et al., 2016; McNeil et al., 2007). Consequently,
as with many MTDs, interpretation of their individual trig-
gers is problematic making higher order temporal variation
of transverse, fault-scarp aprons difficult to predict or invert.
However, spatial domains that are more likely to experience
frequent combinations of triggers (i.e. fault centres) are likely
to be regions where the greatest impact of the transverse
apron upon axial fairways is experienced.

Given the interplay of multiple systems in variable rift dep-
ocentres, it is unreasonable to expect all half-grabens to behave
similarly (e.g. Prosser, 1993), even if one of many controls on
stratigraphic architecture is the same across different sub-ba-
sins or input systems (e.g. eustasy). Local or restricted vari-
ations in supply and structural evolution produce both subtle
and major changes in stratigraphic architecture. The intrinsic
variability of these basins brings uncertainty in interpretation
of isolated observations (e.g. 1D well logs) and highlights the
need for integration of robust chronostratigraphy, and where
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possible, linking of disconnected architectures/sub-basins.
Whilst key stratal surfaces and intervals can provide correla-
tive units, the aforementioned variability of these seen in the
WXEFB highlights the potential difficulties and miscorrelation
in stratigraphic prediction in mixed deep-water syn-rift systems
with sparse datasets (e.g. subsurface). The coarse-grained char-
acter of the WXFB provides an outcrop analogue that contrasts
with typical fining-up abandonment models for deep-water
syn-rift systems (e.g. Prosser, 1993; Ravnas & Steel, 1998) and
confirms the need to consider, where possible, the entire evolu-
tion of various allogenic influences upon a given system.

7 | CONCLUSIONS
Detailed structural and stratigraphic mapping for the first time
links Ilias delta deposits to a distal deep-water fan in the WXFB.
Extensive mudstones provide key stratigraphic markers in the
stratigraphy, which are related to basin-wide reduction in coarse
clastic delivery in response to relative base level rise. The strati-
graphic framework generated permits the variability in strati-
graphic architecture and sedimentary processes to be placed in
context, and the impact of allogenic and autogenic changes in
the WXFB deep-water system to be considered. The WXFB is
a rare example of an exhumed syn-rift deep-water depositional
system that comprises coeval transverse and axial supply sys-
tems. The axial system, derived from the Evrostini/Ilias Gilbert-
type fan delta, shows significant architectural variability in its
proximal regions with the formation of conglomeratic chutes,
lenses, sheets and convex-up bodies (CUBs) interspersed with
finer grained turbidites of either lenticular or sheet-like mor-
phologies. The transverse system is largely dominated by vari-
ably extensive slumps and slides, which significantly restrict or
divert the axial system away from the immediate hangingwall,
contrary to conceptual models for single-input axial turbidite
systems.

The presence and character of key surfaces and intervals
are complicated by structurally controlled facies distribu-
tions within the basin floor and distal bottomset, focussing
conglomerate-rich flows into localised lows, with finer
grained sand-rich turbidites and mudstones on localised
highs. The interplay between intra-basinal structures, allo-
genic changes (e.g. eustasy, sediment supply) and contem-
poraneous input systems result in complicated stratigraphic
successions at a range of temporal and spatial scales. The
WXFB highlights the need to examine deep-water rift-sys-
tems, where possible, in the context of their own evolution as
existing simple conceptual models over-emphasise a dom-
inant fining upward, mudstone-rich motif. The interplay of
structural and drainage evolution, depositional processes,
and base-level change all show substantial spatial and
temporal variability in deep-water rift settings. The com-
plexity, reflecting multiple input points, dynamic seabed
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topography, and restricted, high sediment supply systems,
emphasizes the requirement for models that consider all the
factors influencing the variability of the basin fill.
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