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Abstract 

Ancient deep-water syn-rift systems provide a record of complicated interactions between 

changing sediment supply from multiple input points, relative base level changes, and evolving 

fault-related topography. Existing conceptual models have struggled to address stratigraphic 

variability at fine spatiotemporal scales. Outcrop investigations can address this scale gap, 

although exhumed systems are rare or often complicated by structural inversion. Here, the 

stratigraphic architecture of the Early-Mid Pleistocene West Xylokastro Fault Block (Corinth 

Rift, Greece) is documented using mapping, photogrammetric models, and an onshore 

research borehole to establish an integrated palaeoenvironmental and tectonostratigraphic 

evolution in a rare example of an exhumed deep-water syn-rift system.  

The results highlight substantial heterogeneity across a range of scales. Coeval transverse 

mass-wasting deposits impact the evolution of axial depositional systems through topographic 

forcing not captured in existing models. Structurally-induced bathymetry drives development 

of transient sediment bypass-dominated zones over ramps, and sediment accumulation in 

intra-basinal lows. Spatially, fan-apron systems pass into laterally confined channel systems 

over short distances (1–2km). The steep, short nature of onshore catchments and shelves 

makes this syn-rift system sensitive to changes in sediment supply from onshore catchments. 

Vegetation changes, recorded from palynological analysis of the research borehole, are 

integrated with magnetostratigraphic chronology and may be coherent with climate variability 

dictating sediment supply changes, including the development of laterally extensive 

mudstones. Basin physiography also permitted substantial quantities of coarse-grained 

material to be delivered, generating a spectrum of coarse-grained gravity flow deposits. The 

study provides rare examples of bed- to meso-scale architectures preserved by these flows 

within a constrained palaeogeographic context.  

The study updates existing conceptual models for the physiographic, climatic, depositional, 

and structural evolution of deep-water syn-rift systems. The thesis also highlights the 

challenges in characterising syn-rift deposits and provides quantitative data to aid 

understanding of tectono-stratigraphic controls and reduce uncertainty in other syn-rift 

systems. 
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This chapter introduces the research questions addressed in this thesis. The chapter briefly 

introduces the rationale to these research questions and how this will be addressed through 

specific objectives. A brief justification for the chosen study area, the Gulf of Corinth Rift, 

Greece, is provided, followed by an outline of the thesis chapters to help with the navigation 

of this thesis.  

Cover image: Satellite image of the Gulf of Corinth, the field study area for this thesis (Imagery from Sentinel 
Copernicus Open Access Hub) 

Chapter One 

Controls on the evolution and character of siliciclastic deep-

water syn-rift depositional systems: An Introduction 

1 
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Chapter 1 – Controls on the evolution and character of siliciclastic 

deep-water syn-rift depositional systems: An introduction 

1.1 Introduction and Rationale 

As the terminal ‘sink’ of most sedimentary systems, deep-water stratigraphy is known to 

provide valuable records of sedimentological, tectonic and palaeoenvironmental change 

(Kneller et al., 2009; Romans et al., 2016; Hodgson et al., 2018). In rift basin-fills, this 

stratigraphic archive can record the evolution of one of the most fundamental geodynamic 

processes - continental break-up. Understanding such processes has broad-ranging 

implications ranging from subsurface characterisation for hydrocarbon resources and carbon 

sequestration, through to natural hazard assessment and mitigation. However, the 

stratigraphy in deep-water syn-rift settings is complicated by fine-scale temporal and spatial 

variations in intra-basinal and catchment topography, physiography, climate and sedimentary 

transport processes. Despite considerable advances over recent decades in broader deep-

water sedimentological understanding, the response of deep-water syn-rift systems to the 

complexities of structural evolution and palaeoenvironmental change remains poorly 

constrained. This is because there has been a focus on deep-water sedimentary systems from 

studies in foreland basin-fills, offshore passive margins, or large canyon systems. In contrast, 

there remains a relative paucity of outcrop studies in rift systems. Despite a few exceptions 

(Suez Rift – Leppard & Gawthorpe, 2006; Strachan et al., 2013, Wollaston Forland Group, NE 

Greenland – Surlyk, 1984; Henstra et al., 2016a, Helmsdale Boulder Bed Fm. – Wignall & 

Pickering, 1994; Thériault & Steel, 1995, North England Carboniferous – Allen, 1960; 

Gawthorpe & Clemmey, 1985; Pringle et al., 2004; Kane et al., 2010; Emmings et al., 2020) 

the comparatively small number of outcrop studies in rift basins has meant models for 

stratigraphic architecture and the evolution of deep-water rift systems has primarily been led 

by subsurface studies that focus at regional or broader scales (Prosser, 1993; Bosence, 1998; 

Ravnås & Steel, 1998). Strachan et al. (2013) highlight this gap in their appraisal of submarine 

slope processes in rift basin-fills of the Suez Rift; 

“[The scarcity of outcrop studies] has resulted in a disconnect between the largely hypothetical 

regional syn-rift tectonostratigraphic models that predict upward-fining resulting from 

increased subsidence outpacing sedimentation, and detailed subregional-scale 

sedimentological studies that suggest much greater complexity of sedimentary processes...” 

(Strachan et al., 2013). 

This knowledge gap of rift basin stratigraphic architecture is demonstrated in recent 

hydrocarbon exploration well failure analysis. Mathieu et al. (2005) and Myers et al. (2019) 



2020 Chapter One - Introduction 3 

highlight that during ten years of exploration failures in Upper Jurassic deep-water syn-rift 

prospects in the UKCS (UK Continental Shelf), ~93 % were attributed to misunderstood 

stratigraphic architecture (e.g. reservoir continuity or top-seal presence) as opposed to 

broader factors such as source-rock maturity. Alongside this, Fraser et al. (2003) identified 

that the deep-water syn-rift of the Upper Jurassic North Sea “remained the most significant 

under-utilised play-type of the UKCS” likely due to the risk that the lack of understanding of 

stratigraphic architecture presents. Exploration successes on the Norwegian Continental Shelf 

(Johan Sverdrup, Fenja, Oseberg South) highlight the continuing need for outcrop studies to 

inform subsurface characterisation even in mature hydrocarbon basins. The need for outcrop-

scale characterisation becomes ever-more important in the context of appraisal of carbon 

sequestration, hydrogen storage and geothermal reservoir opportunities; both within the 

growing forward planning of new hydrocarbon discoveries and rebirth of older discoveries. 

Outcrop studies can provide qualitative and quantitative examples of depositional geometries 

and the spatial distribution of lithofacies. However, outcrop studies are most powerful when 

the critical controls on these exhumed systems are fundamentally assessed to ultimately 

provide more robust tools and reduce uncertainty in the prediction of stratigraphy and 

environmental or landscape evolution. 

The growth of tectonic structures and landscape evolution, environmental variability (climate 

and vegetation), and intrinsic sedimentary processes form principal controls on the evolution 

of any stratigraphic succession. Nevertheless, the timescales and magnitudes of their effects 

upon deep-water sedimentary systems remain poorly understood or difficult to constrain, 

especially with regards to palaeoclimate (Kneller et al., 2009; Romans et al., 2016; Hodgson 

et al., 2018). However, deep-water syn-rift stratigraphy commonly develops in largely ‘closed’ 

systems, with shorter and more directly linked source-to-sink pathways. Therefore, the deep-

water syn-rift stratigraphy of rift basin-fills can preserve a more sensitive archive of the controls 

and impacts of palaeoenvironment and sediment supply variability of onshore catchments 

(Armitage et al., 2011, 2013; Collier et al., 2000; Watkins et al., 2018, 2020; McNeil et al., 

2019a-f) compared to larger passive margin systems (e.g. Romans et al., 2016). In order to 

be effective, palaeoenvironmental records require robust and multi-disciplinary integration with 

other parameters such as subsidence (Gawthorpe et al., 1994; Barrett et al., 2019), intra-

basinal topography (Soutter et al., 2019) and coarse-grained sedimentary processes (e.g. 

Henstra et al., 2016a). This thesis aims to provide an integrated outcrop study of a rare 

exhumed deep-water syn-rift system and a holistic assessment of the wide variety of 

tectonostratigraphic controls and their impacts upon deep-water syn-rift stratigraphy. This will 

provide the opportunity to develop novel conceptual models that can reduce uncertainty in the 

characterisation and prediction of deep-water environments in ancient and active rift basins. 
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This aim is approached through the three research questions outlined below, addressed in the 

following data and discussion chapters (Chapters 4 – 7). Further background to the methods 

and background of this study is provided in Chapters 2 and 3. 

1.2 Research Questions 

1.2.1 Research Question 1 

How do structural evolution and rift physiography influence sediment dispersal 

patterns in deep-water siliciclastic syn-rift systems? 

Typically, deep-water syn-rift depositional systems form in localised depocentres bound by 

normal faults, which may have subaerial or subaqueous footwall crests (Prosser, 1993; 

Ravnås et al., 1997; Ravnås & Steel, 1998; Soreghan et al., 1999; Gawthorpe & Leeder, 2000; 

Cowie et al., 2000; Nøttvedt et al., 2000; Lewis et al., 2015; Henstra et al., 2016a, b; Ford et 

al., 2016). Normal fault depocentres form topographic lows and locations of maximum 

subsidence. Therefore, many models for rift evolution propose the growth of isolated 

depocentres fed by localised transverse systems which then link to form ever-deepening 

elongate depocentres, progressively supplied by both transverse and axial turbidite systems 

to produce classic syn-rift wedge geometries due to continuing fault growth (Surlyk, 1987; 

Prosser, 1993; Ravnås & Steel, 1998; Cowie et al., 2000; Henstra et al., 2016b). To this end, 

models for deep-water syn-rift stratigraphy propose an evolution where sediment supply to 

deep-water hanging wall depocentres is gradually outpaced by runaway subsidence to 

produce an overall fining upward motif (during “rift climax”) with relatively little attention paid 

to internal variability within this package (sensu. Prosser, 1993; Ravnås & Steel, 1997). 

However, subsequent rift basin studies have highlighted that “rift climax” deposits are far more 

variable on account of complicated interactions of intra- and extrabasinal allogenic forcing 

mechanisms and autogenic controls, which are seldom captured in depositional models 

(Kneller et al., 2009; Blum & Hattier-Womark, 2009; Nelson et al., 2009; Henstra et al., 

2016a,b; Gawthorpe et al., 2018). It may be that fining upward motifs form at much lower 

orders of magnitude, possibly over the entire lifetime of a rift or given depocentre, and as a 

result may be diachronous or absent as a sedimentary signal within and between different 

individual depocentres (Gawthorpe et al., 1994; Ford et al., 2016; Gawthorpe et al., 2018). 

While it is tempting to dismiss these as ‘edge cases’, the short spatial scales of structural 

variability within rift basins (e.g. Gawthorpe et al., 1994) means that no single model can be 

universally applicable across all deep-water depocentres. Instead, understanding the impacts 

of varied structural evolution and the geography of the basin and margin itself becomes crucial 

to predict and compare stratigraphy within and between depocentres. 
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While conceptual models developed from some outcrop studies have captured the 

stratigraphic variability in rift basin-fills, these are commonly focussed on footwall-derived 

depositional systems or have limited detail on the interaction of axial and transverse systems 

at sub-regional scale (Gawthorpe & Leeder, 2000; Hodgson & Haughton, 2004; Strachan et 

al., 2013; Henstra et al., 2016a,b). Footwall-derived depositional systems are commonly 

considered as poorly sorted, chaotic tallus cones of limited extent (Ravnås & Steel, 1998) 

although they have also been demonstrated to pass out into broader, cleaner sand-rich fans 

(Henstra et al., 2016a; Turner et al., 2018). Axial systems, given their typically longer transport 

paths, and connection to larger onshore catchments are modelled as cleaner, sand-rich, 

expansive depositional systems (Jackson et al., 2011). However, they have also been 

demonstrated to contain substantial variability at the mesoscale (Rohais et al., 2007a,b; 

Gawthorpe et al., 2018). Existing models commonly propose a temporal switch from 

transverse to axial systems to reflect the linking of previously transient and localised 

depocenters systems (Gawthorpe et al., 1997; Cowie et al., 2006). The impact of this model 

is that axial and transverse inputs are seldom considered to be coeval, although local 

physiography can permit contemporaneous activity (Gawthorpe & Leeder, 2000) or the likely 

temporal transition from the dominance of one system to another (e.g. Western Gulf of Corinth, 

Beckers et al., 2018; North Brae/Beinn and T-Block fields of the South Viking Graben, Turner 

et al., 2018, Jones et al., 2018 or Strathspey-Brent, McLeod et al., 2002). Many of these 

examples are from modern bathymetric or subsurface datasets, and the translation of these 

systems to the outcrop-scale stratigraphic record is undocumented. For example, McArthur et 

al. (2016a) demonstrate a subsurface study around the Josephine Ridge of the UK Central 

Graben where intercalation of coeval syn-rift systems acts to interrupt and reset stratigraphic 

sequences, and impact for sediment routing within deep-water, to challenge established 

fining-upward models. However, McArthur et al. (2016a) note the short scale variability is likely 

too complex to characterise in many subsurface datasets. The growth of subaqueous folds 

above blind normal faults in rifts likely produce mass-wasting (e.g. Sharp et al., 2000; Strachan 

et al., 2013; Muravchik et al., 2019) and, as a result can alter the topographic effects of fault 

growth and seabed relief within a deep-water rift setting. The temporal and spatial scales at 

which such routing would operate is currently unclear and whether this can be distinguished 

from, or is related to, structurally-forced changes in sediment routing is poorly understood. 

The potential variability of tectonostratigraphic evolution of a given rift depocenter produces 

complicated source-to-sink relationships with tortuous sediment fairways that influence the 

behaviour of the wide range of sediment gravity flows in different ways. Ground-hugging 

gravity currents are modelled to follow bathymetric lows along their transport path with this 

effect becoming weaker for decreasing flow concentrations (Bakke et al. 2013). Intra-basinal 
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structures, such as relay ramps and hanging wall synclines, provide conduits for sediment 

transport and bypass to deeper topographic lows in the central hanging wall of normal faults 

(Athmer et al., 2010; Ge et al., 2018). The temporal and spatial distribution of bypass zones 

in the context of deep-water rift systems is poorly understood and their stratigraphic character 

may be subtle and misleading within very coarse-grained systems or 1D core intersections 

(e.g. Stevenson et al., 2015). Alternatively, intra-basinal structures and the related bathymetric 

complexity can produce barriers to gravity flows, hydraulic jumps and flow-stripping (Kneller, 

1995; Kneller & McCaffrey, 1999; Al Ja’Aidi et al., 2004; Patacci et al., 2014; Marini et al., 

2016). The documented topographic effects on sediment dispersal above demonstrate the 

need to integrate robust structural mapping in order to interpret the possible palaeobathymetric 

template and where changes in axial gradient may have promoted bypass or deposition 

(McCaffrey et al., 2002; Stevenson et al., 2015). The potential for stepped depositional profiles 

increases the potential for transient axial storage of certain grain-size fractions and broader 

depositional systems (sensu Brooks et al., 2018b). The extent to which the deposits within 

bypass-dominated zones are connected to their up-dip and down-dip counterparts has a 

substantial impact upon the integrity of stratigraphic hydrocarbon traps and the broader 

context of sediment export into and beyond localised depocentres.  

Chapters 4 and 6 provide the evolution and stratigraphic character of an exhumed deep-water 

syn-rift depocenter fed by an axial, Gilbert fan-delta sedimentary fairway, and a transverse 

fault-scarp apron. The interaction of different depositional systems is documented and also 

considered in the context of structural evolution of basin bounding and intra-basinal structures 

and their influence upon sediment transport and deposition. 

1.2.2 Research Question 2 

How does climatic and vegetation change influence sediment supply 

from catchments into rift basins? 

Palaeoclimate forms a fundamental control on the erosion, calibre and transport of sediment 

from subaerial catchments, through fluvial and nearshore sedimentary systems, into the deep-

water realm. Shelf width impacts the sensitivity of deep-water archives to changes in sediment 

supply and transport through onshore catchments (Burgess & Hovius, 1999; Nelson et al., 

2009; Armitage et al., 2013; Romans et al., 2016). The physiography of rift basins is typically 

associated with absent or very narrow shelves which can lead to direct connection to onshore 

catchments without the need for shelf-incising canyons (Covault & Graham, 2010; Romans et 

al., 2016). To date, models for sediment supply variability to the deep water in syn-rift settings 

have focussed on the impact of structural evolution, typically operating at larger orders of 

temporal variability (106 – 107 yrs - Allen, 2008; Armitage et al., 2011; Pechlivanidou et al., 
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2018). Higher-frequency (10³-10⁵ yrs), climatically driven sediment supply changes within 

stratigraphy remain largely unexplored in deep-water systems as a result (cf. Collier et al., 

2000; Nelson et al., 2009; Watkins et al., 2018). Global palaeoclimate variability is commonly 

tied into orbital changes occurring at varying magnitudes and orders of change (precession – 

19 - 23 kyrs, obliquity ~41 kyrs and eccentricity ~100 kyrs; Allen, 2008) and forms the basis of 

a fundamental method of changing accommodation in many sequence stratigraphic models 

(Posamentier & Vail, 1988; Van Wagoner et al., 1990). The local- or basin-scale 

manifestations of these global changes promote eustatic sea-level cycles that drive changes 

in accommodation in marine basins. Changes in global climate are also known to impart 

changes in the precipitation/evaporation ratio to produce hydrologically triggered lake-level 

changes in lacustrine basins (Leeder et al., 1998). Lake-level changes can be in-phase (e.g. 

Lake Tanganyika, Marshall et al., 2011) or out-of-phase (e.g. Eastern Mediterranean/Levant 

lakes, Torfstein et al., 2013; Kiro et al., 2017) with global marine sea-level variability depending 

on their local hydrology. The existence of both in-phase or out-of-phase changes in lake-level 

highlights the importance of changes in catchment discharge and resultant sediment supply 

as a result of climate change. However, until recently comparatively little attention has been 

paid to how sediment supply is altered by these climatic changes (cf. Collier et al., 2000; 

Burgess et al., 2016; Romans et al., 2016; Harris et al., 2018; Zhang et al., 2018). As well as 

first-order changes in precipitation and temperature, palaeoclimatic variability of precipitation 

and temperature ultimately influences vegetation, ice-coverage and ‘effective’ catchment size 

and topography to alter the erosion and transport of sediment through terrestrial catchments 

(Bosch & Hewlett, 1982; Leeder et al., 1998; Collier et al., 2000; Romans et al., 2016; Watkins 

et al., 2018).  

Despite strongly linked palaeoclimatic controls on sediment supply, the preservation record 

and influence of palaeoclimate upon deep-water syn-rift depositional systems is complicated, 

and the extent to which palaeoclimate dominates and interacts with other allogenic factors, 

such as tectonics, remains unclear (Sømme et al., 2019; Hodgson et al., 2018). These 

complications arise for several reasons;  

1) The temporary storage of sediment along the transport pathway produces a latency 

between the ‘signal’ of sediment supply increases or decreases in the catchment and 

resultant deposits. As a result, palaeoenvironmental or sediment supply signals can 

be buffered or “shredded” (Jerolmack & Paola, 2010; Armitage et al., 2013; Romans 

et al., 2016; Toby et al., 2019; Straub et al., 2020).  

2) The impact of climate change on sediment erosion, transport, and storage within 

catchments varies with factors that are independent of, or only partly related to, climate 
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such as catchment morphology, size, and bedrock lithology (Eliet & Gawthorpe, 1995; 

Romans et al., 2016; Zondervan et al., 2020) 

3) The timescale of the response of subaqueous and subaerial landscapes to climate 

change can vary depending upon the rate and severity of climate change and remains 

unclear (Sømme et al., 2009; 2019; Nyberg et al., 2018; Zondervan et al., 2020)  

4) The preservation potential of palaeoclimatic proxies (e.g. pollen) can vary considerably 

on account of outcrop condition and basinal history as with any biostratigraphic 

investigations. However, broader challenges only recently beginning to be appreciated 

are present through sedimentological lithofacies and varying density separation of 

palynomorphs in a variety of depositional processes (Tyson, 1995; McArthur et al., 

2016b,c) and preferential transport of specific pollen taxa or ecological heterogeneities 

(Capraro et al., 2005; Suc & Popescu, 2005; Beaudouin et al., 2007; McArthur et al., 

2016d; Szczepanek et al., 2017).  

The broad nature of these challenges requires an integrative approach in order to ascertain 

the impact of palaeoclimatic change on sediment supply to the deep-water (Kneller et al., 

2009; Blum & Hattier-Womack, 2009). Chapter 5 presents a chronostratigraphically 

constrained palaeoenvironmental record for the West Xylokastro Fault block derived from a 

research borehole drilled as part of this project. This palaeoenvironmental record is 

synthesised with observations of stratigraphic variability in Chapters 4 and 6 to test if such 

deep-water syn-rift palaeoenvironment records can provide archives of palaeoclimatic 

variability and sediment supply control. 
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1.2.3 Research Question 3 

What are the styles and controls of bed to sub-basin scale stratigraphic 

architecture of deep-water deposits in rift basins? 

There are a substantial number of outcrop studies from confined and/or actively deforming 

deep-water systems in settings such as foreland basins (Eocene of the Spanish Pyrenees 

Ainsa and Jaca basins, e.g. Mutti, 1977; Bell et al., 2019), on topographically complex slopes 

(Laingsburg Formation, Karoo Basin, e.g. Brooks et al., 2018b,c), or interacting with post-rift, 

or mass-transport induced ‘inherited’ topography (Los Molles Formation, Neuquén Basin, 

Argentina, Privat et al., 2019). In deep-water syn-rift settings, bed- to mesoscale studies have 

largely been restricted to subsurface datasets such as those within the Brae Play of the South 

Viking Graben (Turner et al., 2018; Cronin et al., 2018; Jones et al., 2018) or the Captain 

Sandstone trend of the Lower Cretaceous of the Inner Moray Firth (Rose, 1999). Whilst the 

wealth of industry acquired subsurface data has improved our knowledge of syn-rift systems 

greatly, the scarcity of similar bed to mesoscale outcrop studies within deep-water syn-rift 

systems has promoted an over-reliance on often incomparable depositional models and 

architectural schemes. Protracted and contemporaneous seafloor deformation and very 

coarse grain-sizes from steep, short, flashy catchments can hinder the development of well-

ordered and predictable vertical and lateral facies transitions demonstrated in more stable or 

distal deep-water deposits (e.g. basin floor lobes of the Karoo, Prélat et al., 2009). Direct 

connections to principal sedimentary inputs such as Gilbert-type deltas or fault-scarp aprons 

give rise to complicated transitional zones within the proximal parts of syn-rift deep-water 

systems. The inclusion of these transitional zones and depositional environments brings a 

need to include atypical depositional elements within syn-rift depositional models. It is this 

complexity that led to the popularity of ramp or fan-apron depositional models for deep-water 

syn-rift deposits during the 1980s and 1990s (Heller & Dickinson, 1985; Reading & Richards, 

1994). However, these remain largely untested at outcrop scale (cf. Henstra et al., 2016a), 

relying mainly on information from low resolution or sparse subsurface datasets (Stow et al., 

1982) or bathymetric studies (e.g. Prior & Bornhold, 1988). More recently, hierarchical 

stratigraphic schemes have established well-defined deep-water depositional elements largely 

focussed on, although not fully limited to, classifying the stratigraphic product of channels and 

lobes (e.g. Prather et al., 2000; Sprague et al., 2008; Prélat et al., 2009; McHargue et al., 

2011; Cullis et al., 2018). The stratigraphic studies that form the basis of these hierarchies are 

dominated by examples from foreland basins or large, unconfined (or very weakly confined) 

systems offshore passive margins. As a result, it is difficult to test the applicability or translation 

of these schemes to deep-water syn-rift settings without being led by them from the offset. 

However, a key comparison becomes immediately apparent in that most hierarchical schemes 
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typically only consider the development of fan or apron-style morphologies, stacking patterns 

and interactions at a far larger order (i.e. system scale multi-composite bodies) than is 

observed or proposed in depositional models for ramp or fan-aprons (i.e. bed-bedset scales). 

Whilst partly a problem with the ubiquity of the term ‘fan’, this is also led by the lack of outcrop 

architectural characterisation within ramp or fan-apron settings typical of Gilbert-delta 

bottomsets, fault-scarp aprons, and ‘fans’ typical of the deep-water syn-rift. The outcrop 

characterisation within this thesis provides detailed examples of the scales and styles of 

architectural variability within a deep-water syn-rift system and begins to assess how and if 

they can be classified and characterised effectively. 

Despite the lack of outcrop-scale studies of sedimentological process and architecture studies 

in deep-water syn-rift systems, models from actively deforming, confined turbidite systems, 

such as foreland basins, complex pull-apart, or transtensional basins (Tabernas-Sorbas 

Basin, Hodgson & Haughton, 2004) or halokinetic sequences (Cumberpatch et al., 2020), 

provide valuable comparisons on the interaction of depositional processes with allogenic 

forcing mechanisms. Lateral confinement in confined deep-water systems has been 

demonstrated to provide a fundamental control on transport and depositional processes and 

resultant stratigraphic architecture (Kneller, 1995; Kneller & McCaffrey, 1995; Al Ja’aidi, 2000; 

Al Ja’aidi et al., 2004; McCaffrey & Kneller, 2004, Hodgson & Haughton, 2004; Tökés & 

Patacci, 2018; Bell et al., 2018). Intra-basinal topography and confinement in rift basins can 

be temporally and spatially complex with less predictable evolutions than other confined 

examples. Laterally confined axial turbidite systems within a piggy-back depocenter in 

foreland basins have been demonstrated to show temporally increasing lateral confinement to 

produce a motif of increasing energy of flows ultimately leading to bypass and channelisation 

(Kane et al., 2009; Tek et al., 2020). The evolution of lateral confinement in a laterally confined, 

axial turbidite system on a fault terrace within a rift system is likely to experience steepening 

but widening confinement due to ongoing extension. The implications of this are currently 

unclear and likely rely on a complicated balance of sediment supply and seafloor deformation 

to demonstrate whether a similar increase flow efficiency would occur due to balanced 

increases in axial gradients (Mutti, 1992, 1999; Al Ja’aidi et al., 2004). The lateral-tilt produced 

from the fault-related topography and the balance between sediment supply is known to 

influence the distribution of channelised fairways, typically focussing them towards centres of 

greatest subsidence (Kane et al., 2010; Mayall et al., 2010). However, how this represented 

in non-channelised systems, and how channelised systems evolve in such settings remains 

unclear. 

The dimensions and evolution of these changes in axial and lateral gradient cannot alone 

determine or guide sedimentary architecture and understanding of the fundamental 
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sedimentary processes must be integrated. Deep-water syn-rift settings are typically 

dominated by extremely coarse-grain sizes and broad grain-size ranges (Cronin et al., 2018). 

Cronin et al. (2018) highlight in their recent review of coarse-grained gravity currents that 

gravel- and conglomeratic-rich gravity currents have received little in the way of study since 

pioneering work during the latter part of the 20th century (Walker & Mutti, 1973; Walker, 1975; 

Lowe, 1976a, 1979, 1982; Postma, 1984, 1986;; Stow; 1985, Nemec, 1990; Ghibaudo, 1992, 

Sohn, 1997). Advances in the understanding of gravity current processes in finer-grained flows 

such as the potential for sediment concentration, grain size and rheological stratification within 

flows (e.g. McCaffrey et al., 2003; Baas et al., 2009; Cartigny et al., 2013); flow-transformation 

and the formation of hybrid sediment gravity flows (Haughton et al., 2003, 2009; Strachan et 

al., 2008, Southern et al., 2017; Kane et al., 2017) have seldom been translated to flow 

process interpretations in coarse-grained systems despite their frequent occurrence (cf. Sohn, 

2000, Sohn et al., 2002, Haughton et al., 2009; e.g. Henstra et al., 2016a). River-derived, 

hyperconcentrated, very coarse-grained, highly energetic flows are thought to be common in 

syn-rift settings following onshore flood events (Armitage et al., 2011; Strachan et al., 2013). 

However, models for the temporal and spatial distribution of the deposits of these flows are 

constrained mainly by modern seafloor studies where their translation into the stratigraphic 

record is poorly understood (Prior & Bornhold, 1988; Gales et al., 2018; Vendettuoli et al., 

2019). These studies commonly propose conglomeratic, terrestrially derived debrite deposits 

to be restricted to relatively proximal or ‘nearshore’ environments (base-of-slope tallus aprons 

and bottomset gravel-splays (e.g. Prior & Bornhold, 1988). Subsurface studies show well-

developed coarse-grained lithofacies at considerable distances (10’s of kilometres) along the 

transport path into the deep-water basin (e.g. Upper Jurassic Brae Formation, Turner et al., 

2018; Upper Jurassic Spekk formation (Fenja), Jones et al., 2020). The depositional products 

of very coarse-grained and polydisperse flows can be challenging to reconcile with existing 

models for long-distance transport by high-density turbidites and it is unclear whether this 

grade of material can achieve long-run out distances due to intra-basinal topography (Al Ja’aidi 

et al., 2004; Bakke et al., 2013; Porten et al., 2016), fundamental transport processes, or a 

combination of these (Al Ja’aidi et al., 2004; Bakke et al., 2013; Porten et al., 2016; Soutter et 

al., 2019). Chapters 4 and 6 utilise a variety of scales of outcrop and borehole investigation to 

be able to provide qualitative and quantitative examples of the relationship between 

sedimentary process and stratigraphic architecture within deep-water syn-rift systems. 
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1.3 Objectives 

The research questions outlined above are addressed through the following data chapter-

specific objectives: 

Chapter 4 

1. Structural and stratigraphic mapping of a multi-input, half-graben syn-rift basin fill (The 

West Xylokastro Fault Block) to ascertain its tectonostratigraphic evolution and 

stratigraphic architecture (Research Questions 1 and 3). 

2. Identify depositional elements that can characterise the sub-regional/mesoscale 

stratigraphic architecture of key stratigraphic units (Research Questions 1 and 3). 

3. Correlate changes in stratigraphic architecture within sedimentary inputs (e.g. Gilbert-

type fan deltas) to stratigraphic variability down-system and constraint processes for 

sediment dispersal into the deep-water realm (Research Questions 1, 2 and 3). 

4. Propose an updated conceptual model for the tectonostratigraphic evolution and 

implications of multiple inputs within deep-water syn-rift basin-fills (Research Question 

1 and 3). 

5. Provide conceptual comparisons on sediment routing and basin architecture with known 

subsurface examples at the regional to system scale to aid with hydrocarbon exploration 

and production and reduce uncertainty in subsurface characterisation for carbon 

sequestration and storage (CCS) (Application of Research Question 1 and 3).  

Chapter 5 

1. Correlate behind-outcrop borehole sedimentology to constrained outcrop stratigraphy 

established in Chapter 4 (Research Question 1 and 3). 

2. Use the palaeomagnetic record generated by palaeomagnetic sampling of a behind-

outcrop borehole to constrain the age of the high-resolution stratigraphic units established 

in Chapter 4 (Research Question 1 and 2). 

3. Integrate palynological data from a palynological sampling of the behind-outcrop borehole 

to provide a proxy record for vegetation change within the onshore catchments feeding the 

deep-water syn-rift systems of the West Xylokastro Fault Block (Research Question 1 

and 2). 

4. Integrate the age-constrained palaeoenvironmental record with local stratigraphy and 

regional previously documented climate change to investigate to relationships between 

palaeoenvironmental change and the changes in calibre and rate of sediment supply 

variability to the deep-water realm. (Research Question 1, 2 and 3).  
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5. Establish the controls on sediment supply, and the stratigraphic significance of system 

scale shut-downs and increases of sediment flux with regards to laterally extensive 

mudstone units as analogues of both extra- and intra-formational seals within hydrocarbon 

or CCS reservoirs. (Application of Research Question 1, 2 and 3). 

Chapter 6 

1. Establish a sedimentary facies and facies association scheme for suitable levels of bed, 

bed-set and outcrop scale description of the stratigraphic heterogeneity of exposures within 

the West Xylokastro Fault Block (Research Question 3). 

2. Use this facies/facies association scheme to describe key exposures which highlight the 

complex variability of deep-water syn-rift depositional processes and resultant stratigraphic 

architecture. (Research Question 1 and 3). 

3. Where possible, utilise 3D digital outcrop models to aid with quantification of geobody 

dimensions, and internal variability (Research Question 3). 

4. Synthesise the detailed outcrop observations and resulting evolutionary interpretations with 

the broader tectonostratigraphic evolution of the West Xylokastro Fault Block to develop 

novel conceptual models for the spatial and temporal distribution of architectural styles, and 

sediment routing patterns (Research Question 3). 

5. Compare the observations of core lithofacies with outcrop exposures to ascertain whether 

stratigraphic architecture can confidently be interpreted from 1D wellbore intersections in 

the subsurface (Research Question 1 and 3)  

6. Provide detailed conceptual stratigraphic architectural models for reducing uncertainty in 

subsurface characterisation within hydrocarbon and CCS activities (Application of 

Research Question 1 and 3) 
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1.4 Suitable study area and approaches 

In order to address the research questions laid out in Section 1.1, which emphasise the 

scarcity of outcrop studies within deep-water syn-rift settings, an exhumed system is required 

where there is; 

a) Substantial outcrop continuity and quality to be able to link terrestrial input to the deep-

water basin to observe stratigraphic architectures at a range of scales with well-

constrained tectonostratigraphic context, 

b) The existence of multiple input systems and a likely variable basin floor topography, 

c) Previously documented palaeoenvironmental change documented to influence 

sediment flux into the basin. 

The Gulf of Corinth, Greece (Figure 1-2), has been a natural laboratory and testing ground for 

continued understanding of a broad range of topics within; 

i) rift basin evolution and tectonostratigraphy (Ferentinos et al., 1988; Gawthorpe et al., 

1994; Gawthorpe & Leeder, 2002; Collier et al., 2000; Leeder et al., 2003; Rohais et 

al., 2007a,b; Ford et al., 2013; 2016; Nixon et al., 2016; Gawthorpe et al., 2018; 

Pechlivanidou et al., 2018), 

ii) seismicity and geohazards (Beckers et al., 2018, Durverger et al., 2018), 

iii) palaeoclimate and landscape evolution (Collier et al., 2000, Zelilidis, 2000, Watkins et 

al., 2018), 

iv)  crustal-scale geodynamics (Armijo et al., 1996, Papanikolaou & Royden 2007; Turner 

et al., 2010, de Gelder et al., 2019). 
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Figure 1-1 Eastern Mediterranean geodynamic context for the Corinth Rift modified after Kranis (2018) and 
compiled from Briole et al., 2000; Leeder et al., 2003; Papanikolau et al., 2006; Papanikolau & Royden, 2011; 
Shaw & Jackson, 2011 and Kranis, 2018. AVA – Aegean Volcanic Arc, KF – Kefalonia Transform Form, CR – 

Corinth Rift (this study), GOE – Gulf of Evia rift, NAB – North Anatolian Basin, NAF – North Anatolian Fault, EAF 
– East Anatolian Fault, DST – Dead Sea Transform. Map projection is ETRS90-LAEA-Europe. 

The Corinth Rift is situated in the Eastern Mediterranean at a complex junction between the 

North Anatolian Fault, the Hellenic Subduction Zone, and the Calabrian Arc and Kefalonia 

Transform (Briole et al., 2000; Leeder et al., 2003; Papanikolaou & Royden, 2007; Royden & 

Papanikolaou, 2011; Figure 1-1). Southward roll-back of the Hellenic Subduction Zone 

produces faster southward movement of southern part of the Aegean (~ 30-35 mm yr-1) 

compared to the north (~20 mm yr-1). Coupled with  the influence of the Kefalonia Transform, 

this variability in plate motion imparts a broadly NW-SE oriented region of extension across 

central Greece and the Aegean (Figure 1-1 - Briole et al., 2000; Goldsworthy et al., 2002; 

Leeder et al., 2003; Papanikolaou et al., 2006; Papanikolaou & Royden, 2007;  Shaw & 

Jackson 2011; Royden & Papanikolaou, 2011). In the central Aegean this extension is 

accommodated by Cretan Basin and the Aegean Volcanic Arc, this volcanism dies out to the 

north west of the Aegean Volcanic Arc towards the Saronic and Corinthian Gulfs (Figure 1-1 

– Papanikolaou et al., 2006) with andesites at the onset of the Corinth Rift (Collier & Dart, 

1990) marking the western limit of Quaternary magmatism in this region. West of the Aegean 

Volcanic Arc the interaction of shear imparted from the North Anatolian System and the 
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Kefalonia Transform generates a number of smaller, rotational extensional basins, including 

the Corinth Rift (Shaw & Jackson, 2011). This setting has resulted in an average crustal 

extension of ~15 mm/year in the southern margin of the rift as one of the most rapidly 

extending continental rifts on the planet (Armijo et al., 1996; Briole et al., 2000; Westaway, 

2002; Pirazzoli et al., 2004; Bernard et al., 2006). The high extension rate has promoted 

rapidly uplifting margins (~3 mm/yr during the Holocene – Soter, 1993; Pirazzoli et al., 2004). 

Uplift of the southern margin of the Corinth Rift since ~0.75 Ma in the footwall of presently 

active faults along the southern coast has exhumed a suite of Plio-Pleistocene Gilbert-deltas 

and their respective deep-water fans of the Rethi-Dendro Formation (herein RDF) (Rohais et 

al., 2007a,b; Leeder et al., 2012; Ford et al., 2013;2016; Gawthorpe et al., 2018; Cullen et al., 

2019; Muravchik et al., 2019). An absence of complicated inversion histories, which make 

other deep-water syn-rift exposures challenging to document, means the Gilbert deltas and 

their downdip equivalents remain largely in their terminal structural and stratigraphic 

configuration with respect to one another (cf. Jurassic of the Western Alps, Froitzheim & 

Manaschal, 1996; Ribes et al., 2019). 

 

Figure 1-2 Regional map of the Corinth Rift (After Gawthorpe et al., 2018, mapping derived from Ford et al., 
2013, 2016; Nixon et al., 2016, Skourtsos unpb). White rectangle field area within this study. WXyl – West 

Xylokastro Fault EF – Evrostini Fault, Amph. – Amphithea Fault. Offshore boreholes are related to the IODP 
Expedition 381 drilling. G4 is drilled as part of this study within the Syn-Rift Systems project. White lines indicate 

the cross-section locations in Figure 1-3. 
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This thesis focuses on a study area in the central southern margin of the rift. The stratigraphy 

in this region is split into two principal phases. Rift 1, comprising mainly fluvial and alluvial 

sediments in the western part of the rift, and large Gilbert deltas along the southernmost 

exposures of central part the southern margin between ~5-3.6 Ma and 2.2-1.8 Ma.  From 2.2-

1.8 Ma a substantial ~10-30 km northward shift of faulting activity of the southern margin 

occurred, along with a forced regression of the associated depositional systems to a location 

approximate to that of the presently active margin along the coastline. This northward 

migration, in the Olvios drainage system of the central southern margin has produced four, 

down-stepping, Gilbert deltas each within a ~5-8 km wide fault block reflecting the location of 

the margin at that time (Figure 1-2. The study focuses on the Olvios drainage system, which 

extends down from its peak in the region around Mount Ziria (Oros Ziria). The first two of these 

Gilbert deltas, Kyllini and Mavro comprise Rift 1 stratigraphy, prior to the major, northward 

migration of the margin at ~1.8Ma to the position of the Evrostini and Ilias deltas at the western 

tip of the West Xylokastro fault (Gawthorpe et al., Figure 1-2). The Evrostini and Ilias deltas 

themselves sit within the Evrostini Growth fault, which is part of a complex relay between the 

West Xylokastro and Vela Fault to the west, with which the Evrostini Growth fault likely links 

with (Ford et al., 2007, 2016; Gawthorpe et al., 2018; Figure 1-3, Figure 1-4). The Olvios 

drainage system fed the Evrostini and Ilias delta systems, and a downdip deep-water fan to 

the east within the West Xylokastro Fault Block (Rohais et al., 2007a,b; Gobo et al., 2014; 

Ford et al., 2016; Gawthorpe et al., 2018; Figure 1-3, Figure 1-4). This was followed by a 

further northward migration to the present-day coastline controlled by the Likoporiá and 

Derveni faults (Figure 1-2, Figure 1-3, Figure 1-4). During this time the Olvios drainage 

became reversed, with the Late Pleistocene and modern Rhodea Delta being fed by the 

juvenile drainage of the Derveni River from the mountains of the Evrostina and Mavron Oros 

(Gawthorpe et al., 2018; de Gelder et al., 2019).  
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Figure 1-3 Geological Map for the study area focussed upon in this thesis. Mapping compiled from Ford et al., 
2016; Nixon et al., 2016; Gawthorpe et al., 2018; Skourtsos unpublished; and author's own mapping. Arrows 
show general trends of Pleistocene delta-fed sedimentary fairways. For further information on the Mavro-fed 

deep-water fan refer to Muravchik et al. (2019).  EGF – Evrostini Growth Fault, MF – Mavro Fault, VRY – 
Vryssoules Fault, WXF – West Xylokastro Fault, KO – Korfiotissa Fault, AMP – Amphithea Fault.  
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This study focuses on the Evrostini/Ilias delta systems and their lateral equivalents within the 

West Xylokastro Fault Block (WXFB). The West Xylokastro Fault Block is bound at its southern 

edge by the West Xylokastro Fault, the footwall of which comprises the Xylokastro Horst 

(Figure 1-2, Gawthorpe et al., 2018). The northern boundary of the block is present ~1 km 

offshore, bound by the Derveni and Likoporia Faults that control the position of the modern-

day shorelines. The western tip of the West Xylokastro Fault is blind, underlying a fault-tip 

Gilbert-type fan delta (split into the Ilias and Evrostini delta in some publications, Rohais et al., 

2008; Ford et al., 2016), which was documented to have a downdip deep-water fan trending 

eastwards axially with respect to the depocenter into the West Xylokastro Fault hanging wall 

(Rohais et al., 2007a,b, 2008; Leeder et al., 2011; Gobo et al., 2014a,2015; Gawthorpe et al., 

2018). The stratigraphy of the RDF in this region had not been characterised at the sub-basin 

scale prior to the onset of this project. However, existing structural mapping highlighted the 

presence of likely syn-kinematic features within the fault block as well as the syn-depositional 

growth of the bounding fault itself (Rohais et al., 2007a,b; 2008; Gawthorpe et al., 2018). 

Excellent exposures, comprising 100s of metres long and 10s of metres high dip and strike 

sections, dissected by recent river gullies, are distributed along a ~10 km transport path from 

Gilbert delta bottomsets to basin floor. These exposures provide a rare and outstanding 

opportunity to address the research questions laid out in this thesis through geological 

mapping and stratigraphic characterisation. Other exhumed syn-rift systems lack the outcrop 

continuity and scale available within the West Xylokastro fault block, along with the well-

constrained palaeogeography and simple exhumation in this region (Ford et al., 2016; 

Gawthorpe et al., 2018). The West Xylokastro Fault The West Xylokastro Fault was 

demonstrated to be a substantial control upon the syn-kinematic deposition of the Rethi 

Dendro Formation in the region, and preliminary fieldwork and mapping (e.g. as part of this 

thesis and within Gawthorpe et al., 2018) highlighted the role of further contemporaneous 

structures within the basin. The exposures offer a direct link between the input Gilbert delta 

and deep-water fan deposits that permits a holistic and integrated understanding of the 

stratigraphy meaning Research Question 1 can be suitably addressed. Furthermore, The Gulf 

of Corinth has well-documented Quaternary climate change which is known to be resolvable 

in palynological proxy records (Collier et al., 2000). When coupled with the ability to correlate 

laterally related input and sink stratigraphic architectures, and relatively simple onshore drilling 

logistics, Research Question 2 can be explored readily in this region. Exposures with multiple 

orientations permitted novel methods such as the generation of 3D outcrop models which were 

aided by accessible cliff tops to provide a behind-outcrop research borehole core named G4 

drilled during February 2018 as part of the PETROMAKS 2 Syn-Rift Systems project. These 

excellent exposures and available data from borehole drilling allow Research Question 2 

Research Question 3 to be addressed and integrated across scales and data-types. 
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Chronostratigraphic constraints of the onshore stratigraphy provided by a continuous 

stratigraphic record, such as that from G4, would be complementary to recent drilling activity 

offshore as part of IODP Expedition 381 (e.g. McNeil et al., 2019a,b). This thesis integrates 

the results of 3 field seasons of geological mapping, stratigraphic and sedimentological 

investigation within the field area along with palaeomagnetic and palynological sampling of 

outcrops and core. More detailed and pertinent methodological and regional geological 

information is provided in the introductory elements of each chapter, along with further detail 

on the methodologies in Chapter 2. 
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Figure 1-4 A) Structural dip-section for the central portion of the Corinth Rift focusing on the onshore southern margin (modified from Ford et al., 2016) and the presently active 
offshore portion (Nixon et al., 2016). The offshore portion is compiled as a line drawing from the R/V Maurice Ewing L13 line interpretation of Nixon et al. (2016) with the line 

placed in the depth domain using the time-depth relationship established in Nixon et al. (2016). Slight misalignment at the join between the two sections is indicated at their join 
at the double line marker. B) Generalised chronostratigraphic key for the cross-section in A from the Gawthorpe et al (2018) and Nixon et al (2016) stratigraphic schemes. This 

study focuses on the Rift 2 Evrostini/Ilias Gilbert deltas and the upper part of the laterally equivalent Rethi Dendro Formation (RDF). GD – Gilbert Deltas, VE – Vertical 
exaggeration.



2020 Chapter One - Introduction 22 

1.5 Thesis Outline 

This thesis contains eight chapters which each address different elements of the research 

questions and objectives above.  

Chapter 2 – “Methods and Approaches” briefly overviews and justifies the different 

methods of investigation utilised in this thesis and provides a simple background and justification 

of their use and known limitations.  

Chapter 3 – “Background and literature review” provides and synthesis the scientific 

background behind the core elements of this study. A brief review of the rift basin genesis and 

evolution of rift tectonostratigraphy is provided. This is followed by overviews of deep-water 

sediment transport and depositional processes within topographically complex settings and 

further contextual information with regards to Quaternary palaeoclimate.  

Chapter 4 comprises the published manuscript “Axial and transverse sediment supply 

to deep-water syn-rift terraces: Insights from the West Xylokastro Fault Block” published in 

Basin Research:  

Cullen, T.M., Collier, R.E.L., Gawthorpe, R.L., Hodgson, D.M. and Barrett, B.J. (2019). 

Axial and transverse deep-water sediment supply to syn-rift fault terraces: Insights from the West 

Xylokastro Fault Block, Gulf of Corinth, Greece. Basin Research. DOI: 10.1111/bre.12416 

(Provided in Appendix 1) 

This chapter summarises mapping and stratigraphic correlation work undertaken within the West 

Xylokastro Fault Block and establishes the sub-regional stratigraphy utilised throughout this 

thesis. The chapter uses this mapping to highlight the impact of multiple sedimentary inputs into 

a topographically complex hanging wall depocenter to form overlapping axial and transverse 

deep-water depositional systems. The chapter provides the first detailed correlation from the Ilias 

Gilbert-type delta at the tip of the West Xylokastro Fault, into a downdip, axial deep-water fan in 

the hanging wall, thereby highlighting the distribution and style of mesoscale depositional 

elements within the broader stratigraphic architecture. This is then linked to the evolution of deep-

water syn-rift depositional systems and how they respond to the structural evolution of basin 

bounding and intra-basinal structures, base-level changes and other, coeval or preceding 

sedimentary systems.  

Chapter 5 – “Deep-water stratigraphy as archives of palaeoenvironmental controls 

on sediment delivery to deep-water syn-rift systems” integrates the stratigraphic correlation 
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and mapping in Chapter 4, with data from the G4 research borehole, drilled as part of the Syn-

Rift Systems PETROMAKS 2 project. Magnetostratigraphy and palynology calibrate stratigraphy 

of the West Xylokastro Fault Block to generate a chronostratigraphically-constrained record of 

palaeoenvironmental change and internal age constraints on this portion of the onshore Corinth 

Rift stratigraphy. This allows for correlation with ongoing IODP investigations offshore (Expedition 

381). The record of Quaternary environmental change is examined and related to the impact of 

vegetation changes in the catchment to provide new models for the influence of climate on 

sediment delivery to the deep-water realm in rift basins. These are compared and contrasted with 

existing models within the Corinth rift and more broadly with age-equivalent records in the 

Mediterranean to investigate the impact of temporal and spatial palaeoclimate variability.  

Chapter 6 – “Spatial variability of flow processes and stratigraphic architecture in 

deep-water syn-rift settings” provides multiple outcrop examples of the bed, bed-set and 

outcrop scale variability of stratigraphic architecture from comparatively proximal regions at the 

base of Gilbert delta foresets, through the transition to deeper and more distal parts of the deep-

water fan system of the West Xylokastro fault Block. The chapter utilises the stratigraphic and 

palaeoenvironmental information from the previous chapters to place these in the context of the 

evolution of the Rethi-Dendro Formation within the West Xylokastro Fault, and how broader 

changes in structural evolution can be related to sedimentary processes and resultant sediment 

dispersal and stratigraphic architectures. The chapter adds greater detail, at smaller scales, to 

the system and depositional-element scale architecture established in Chapter 4, and provides 

data for examining the applicability of existing stratigraphic hierarchy and facies models for deep-

water systems within rift systems.  

Chapter 7 – “Discussion” synthesises the three data chapters and their implications for 

the objectives and research questions laid out in the introduction. Similarities and differences with 

other deep-water systems in active and passive margins are investigation, and recommendations 

for future work are made. 

Chapter 8 – ‘Conclusions’ presents the principal findings of the thesis and their impacts. 

The chapters are then followed by bibliographic references, and a series of appendices.
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This chapter provides background on the variety of methods employed within this thesis. The 

work presented in this thesis integrates conventional geological field studies with digital 

outcrop models generated from UAV (‘drone’) based photogrammetry for which the 

construction methodology is detailed. In addition, the study also utilises the G4 research 

borehole which was sampled and analysed for micropalaentological and palaeomagnetic 

investigations which are described and justified here. Whilst data chapters contain specific 

aspects of methodologies pertinent to their respective chapter, this overview gives a broad 

background for quick reference on the variety of analyses within this study.  

Cover photo: UAV image during image collection for photogrammetric models in the bottomsets of the Ilias delta.

Chapter Two 

Methodological overview 2 
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Chapter 2 – Methodological Overview 

2.1 Conventional geological field work 

A total of three main field seasons, 6, 5 and 2 weeks long respectively were undertaken for 

field data collection between Spring 2016 and Autumn 2018. The first of these field seasons 

allowed the establishment of broader stratigraphic correlation and structural framework 

through conventional geological mapping and also marked the first phase of UAV photograph 

acquisition for photogrammetric outcrop models. Preliminary field sample collection was also 

carried out during this season to test the suitably of outcrops for palynological investigations. 

The second and third field seasons allowed continued reiteration of stratigraphic and structural 

correlations with the assistance of digital outcrop model observations in inaccessible or 

oblique exposures. The second and third field seasons also furthered and focussed collection 

on sedimentary processes and stratigraphic architecture through sedimentary logging, 

palaeocurrent and structural measurements, sample collection, and the generation of detailed 

outcrop photo panels. Field seasons were also augmented by shorter sampling excursions for 

palaeomagnetic sampling of exposures as part of the drilling of the G4 borehole. 

2.2 Digital Outcrop Model Construction 

3D digital outcrop models have become a valuable tool for assessing complex mesoscale 3D 

geometries of stratigraphy and structures in outcrop, providing greater coverage in quantitative 

outcrop characterisation and allowing inspection of inaccessible exposures (Jones et al., 

2009; Rarity et al., 2013; Hodgetts, 2013; Pitts et al., 2017; Nesbit et al., 2018; Bilmes et al., 

2019; Buckley et al., 2019; Burnham & Hodgetts, 2019). Digital outcrop modelling was initially 

dominated by LiDAR (Light Detection and Ranging) which required expensive bulky 

equipment and significant processing time and associated costs (Hodgetts, 2013; Rarity et al., 

2013). Recently, the growing accessibility of UAV (Unmanned Aerial Vehicle) or ‘drone’ 

technology has allowed the use of ‘Structure-from-motion’ (SfM) photogrammetry from aerial 

photographs at a considerably lower cost than even five or ten years ago. UAV-based 

photogrammetry has considerably shorter processing and acquisition times than LiDAR (half 

hour flights versus hours of scanning and days or processing versus months) and negligible 

changes in resolution or quality compared to LiDAR (Pitts et al., 2017; Nesbit et al., 2018; 

Bilmes et al., 2019; Buckley et al., 2019; Burnham & Hodgetts, 2019; Jackson et al., 2019). 

‘Structure from motion’ (SfM) photogrammetry relies on the identification and changes of 

distortion between common points between multiple offset images of an object (in this case, 

an outcrop) (Spetsakis & Aliomonos, 1991; Boufama et al., 1994; Szeliski & Kang, 1994).  
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In this study several hundred outcrop images were collected using either a DJI Phantom Pro 

3, Phantom 4 and DJI Mavic Pro drones for each exposure. Images collected encompass a 

variety of orthogonal and oblique views to offer maximum flexibility for later processing and 

more than ~30 - 50 % overlap between images. Metadata associated with these files store 

location information of the drone for each image. Where possible, ground control points were 

collected in the field to help calibrate this data during processing, however this will not always 

be practical for geological applications where UAVs are used to investigate inaccessible 

exposures (Bilmes et al., 2019). Where multiple control points are not possible, at a minimum, 

the take-off point of the drone is recorded by taking an image on the drone and a field GPS at 

this point. This ‘homepoint’ image can used to provide confidence in the altitude and location 

information for subsequent images and shifted accordingly if need be. This methodology was 

commonly employed within the generation of models for this thesis where narrow, north facing 

gullies meant GPS signals are prone to errors, especially with respect to altitudes. Barometric 

altitude data, also recorded by the drone, can be matched to images to provide altitude data 

where GPS problems occur. Images are then processed within Agisoft Photoscan 

Professional (now renamed Agisoft Metashape) to generate fully textured, 3D triangulated 

meshes as the final output. An exhaustive description of the computing methods for this 

processing is beyond the scope of this methodology chapter but is briefly described in Figure 

2-1 with further details available in recent methodological reviews (Bilmes et al., 2019; 

Burnham & Hodgetts, 2019). Once generated, digital outcrop models are interpreted and 

analysed using LIME, a 3D viewing and interpreting software for 3D photogrammetric models. 

LIME allows the extraction of structural data, quantitative measurements and confirmation of 

stratigraphic correlations (Buckley et al., 2019). 
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Figure 2-1 Summary of digital outcrop acquisition and processing workflow undertaken using Agisoft Photoscan 
to produce photorealistic digital outcrop models in this study. 
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2.3 G4 Borehole Core 

The G4 borehole core was drilled as part of a broader drilling campaign within the 

PETROMAKS II Syn-rift systems project of 4 wells during November 2017 to January 2018. 

Drilling of G4 was completed on the 25th January 2018 to a depth of 172 m. G4 was fully cored, 

with ~80 % of core recovered with the 20 % loss within very coarse-grained unconsolidated 

conglomerates. Cores underwent preliminary coarse resolution logging (1:50) in January and 

February 2018 in Greece prior to slabbing into halves (Figure 2-2). After slabbing cores were 

sampled for palaeomagnetic and palynological sampling detailed below. Cores were then 

transported to the Equinor Core Store in Sandsli, Bergen, Norway for high-resolution logging 

in July 2018. Core-condition was variable, where the poorly consolidated nature of 

sandstones, given the young age and limited burial of the stratigraphy, meant breakages were 

common during slabbing. Nevertheless, the G4 borehole provided a largely continuous 172m 

sedimentary record within the West Xylokastro Fault Block. 

 

Figure 2-2 A) Small drilling rig in the Amphithea Fault Block with boxing of core taken place on site. B) 
Preliminary core logging and auditing (labelling, cleaning etc.) within storage in Greece. C) Sampling of slabbed 

core for palaeomagnetic and palynological analysis. 
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2.4 Micropalaeontology 

Prior to sampling of the G4 borehole, samples were collected for micropaleontological 

analyses that would allow the investigation of palaeoenvironmental changes during the time 

of deposition of the West Xylokastro RDF stratigraphy. 9 preliminary samples, each 

comprising a ~200 gram block from mudstone intervals, were taken throughout the 

stratigraphy of the West Xylokastro RDF, were split into two halves. One half of the sample 

was prepared for separation of calcacareous and siliceous microfossils (foraminifera and 

diatoms) and the other was prepared for separation of organic material and palynomorphs.  

2.4.1 Diatoms 

Diatom samples were prepared following the method of Battarbee (1986). Samples were 

initially disaggregated with minimal crushing and soaking in distilled water. Half of the hydrated 

mixture was then removed for processing for foraminifera. The remaining portion underwent 

digestion in hydrogen peroxide and boiling water. After samples were fully digested, with no 

fines in suspension and clear supernatant liquid, samples were placed in a centrifuge for 4 

minutes at 4000 rpm with the supernatant liquid then placed and mounted on glass slides 

sealed with Naphrax. Inspection of diatom samples revealed all were barren and diatom 

sampling was not pursued further.  

2.4.2 Foraminifera 

Foraminifera samples were disaggregated with minimal crushing and soaking in distilled water 

for approximately two days, then washed through a 63 µm sieve to remove clay fractions from 

the sample. Samples were then dried at ~40 °C for 1.5 – 2 days before viewing with a binocular 

microscope. As with diatoms, all samples were barren and foraminifera sampling was not 

pursued further. 

2.4.3 Palynology 

Outcrop palynology samples were prepared following the established method of Vidal (1998) 

and were carried out by Malcolm Jones of Palynological Laboratory Services, Anglesey, UK. 

Samples were dried at 50 °C then crushed and placed in to 1 l tri-pour beaker with distilled 

water to hydrate the sample. Following this, 20 % hydrochloric acid (HCl) was added to remove 

carbonate material and left until reactions between the acid solution and sample stopped 

before being rehydrated with distilled water and left to settle for 12 hours. The supernatant 

liquid was then sieved through a 10 μm cloth and returned to the beaker and mixed with 50 

ml of 40 % hydrofluoric acid (HF) to remove silica and left for 48 hours with occasional periods 

of stirring to achieve full coverage. This was neutralised with further water and simmered again 

in 20 % hydrochloric acid to remove any precipitates that had formed. The solution was then 

re-sieved with distilled water and with frequent microscope examinations to ensure any 
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remaining precipitates were removed. Where precipitates remained, HCl or HF stages were 

repeated. The residue for the preliminary samples were then mounted in Nordland Mounting 

medium on a glass slide for microscope inspection.  

Preliminary outcrop samples demonstrated the presence of palynomorphs (pollen grains, 

fungal spores, dinoflagellates, acritarchs) and other preserved organic matter (wood, algae 

etc). However, the preservation state was poor with many pollen grains showing corrosion and 

indicated outcrop samples had undergone moderate oxidation whilst being exposed. As a 

result, no further outcrop sampling for palynology was undertaken due to the poor 

preservation, however the presence of preserved palynomorphs lead to sampling of the G4 

core for palynology in light of weaker degradation of organic material from less weathered 

samples.  

20 samples were collected within mudstones every ~10 m within the G4 core collecting a half-

side of 2.5” (6.1 cm) core roughly 3 - 4 cm thick. These were processed with the previously 

mentioned methodology with the addition of a stage of dried weighing and addition of a 

Lycopodium exotic marker spore tablet during hydration. The addition of Lycopodium is a 

common methodology for providing known concentration markers to allow for the estimation 

of concentrations of taxa within later analysis (Chapter 5, Stockmarr, 1971). Outcrop samples 

were also mounted on glycerine slides for greater clarity. Core palynology samples were then 

examined using a Leica DM500 light microscope at 400-630x magnification. The palynological 

assemblage of each sample was counted in terms of pollen grains, dinoflagellate cysts, and 

other non-palynomorph organic matter, further detailed within Chapter 5. 
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2.5 Palaeomagnetism 

2.5.1 Sample collection and preparation 

Core samples 

Core samples for palaeomagnetic analysis were taken roughly every 20 m in the G4 core from 

mudstones.  Some minor deviations from this strategy were necessary (+/- 1 - 2 m) to obtain 

high quality mudstone samples. Seventeen samples were collected in total; 5 from outcrop 

and 12 from core. Half sides of core were retrieved that were ~10 - 15 cm in length to provide 

suitable quantities of mudstone for cutting multiple sub-samples in the event of weak or altered 

magnetic signals. Samples were marked with a way-up or ‘fiducial’ mark oriented vertically 

upwards, parallel to the borehole core in this case due to the vertical orientation of the well. 

Samples were then cut into two 2 x 2 x 2 cm cubes.  

Outcrop samples 

Outcrop samples were collected to expand the stratigraphic coverage to include exposures 

below the base of the borehole and stratigraphically above the upper part of the core. Unlike 

the freshly slabbed core, undulose outcrop faces and weathering meant samples were not as 

simple to collect. In this case, roughly 8 cm x 8 cm x 8 cm rectangles were approximated onto 

3D exposures of mudstones and labelled with several vertical arrows with the aid of a 

compass-clinometer. A bed base, or bed top would be cleaned or chiselled to be marked with 

the orientation of maximum dip and labelled accordingly as the top and base of the sample. 

These blocks were then chiselled from the exposure, with additional clear way-up arrows 

marked on as further and cleaner sample edges became available (Figure 2-3a). Each sample 

was accompanied by a bedding measurement, and locations were chosen where bedding was 

lower than 20° to avoid complications of the need for steep tectonic tilts to be restored within 

palaeomagnetic analysis (Butler, 1992).  

Further cutting 

From the core slabs and outcrop blocks, sub-samples were cut into a minimum of two 2 x 2 x 

2 cm cubes and marked with vertical way up arrows carried through from those marked on the 

original block following a close-up sample photograph  to record the sedimentology of the 

sample and the location of sample cubes (Figure 2-3b). The top and base of each cube was 

clearly labelled along with an arrow indicating the maximum dip orientation. Cubes were cut 

from the centres of blocks to avoid the possibility of drilling-induced demagnetisation due to 

prolonged interaction with the core barrel. 
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Figure 2-3 A) Procedure for collecting oriented outcrop samples for palaeomagnetic analysis B) Example sample 
photograph of core slab face marked up for palaeomagnetic sampling. 

2.5.2 Alternating Field Magnetometry 

The prepared cubes underwent palaeomagnetic analysis at the PUMA Rock Magnetic 

laboratory at The University of Birmingham run by Dr Marco Maffione. Samples were subject 

to alternating field (AF) demagnetisation with an AGICO LDA5 AF demagnetiser through 12-

14 AF increments from 5 to 120 mT. Natural remnant magnetisation and remanence after 

each demagnetisation step were measured with an AGICO JR5 spinner magnetometer. 

Values for natural remnant magnetisation and remanence after each demagnetisation step 

were plotted on orthogonal ‘Zidjerveld’ diagrams (provided in Appendix 5). Finalised 

remanence components were calculated through principal component analysis using online 

remanence calculation software paleomagnetism.org (Kirschvink, 1980; Koymans et al., 

2016). Remanence components allow to ascertain whether a sample has normal or reversed 

magnetic polarity and can then be linked with other chronostratigraphy to form a 

magnetostratigraphy through comparison with the Geomagnetic Polarity Time Scale (Cande 

& Kent, 1995; Cohen & Gibbard, 2016).
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This chapter provides background on the concepts and recent literature developments for the 

topics within this thesis and provides greater context to the research questions posed within 

Chapter 1. Whilst focussed literature research context is provided within the introductory and 

discursive elements of each chapter, this review provides a broader background to the topics 

addressed in this thesis. This review ultimately focuses on two broad themes 1) the evolution 

and tectonostratigraphy of rift basins and 2) deep-water and slope sedimentary processes.  

Cover image: Field photograph taken from the village of Pyrgos of the Pleistocene Evrostini and Ilias deltas, the 
principal sedimentary input to the study area during the Early and Middle Pleistocene.  
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Chapter 3 – Background & Literature Overview 

3.1 Evolution and tectonostratigraphy of rift basins 

3.1.1 Geodynamic evolution of rifts 

One of the principal controls on the development of deep-water syn-rift systems is the 

structural evolution of rift basins. Whilst an exhaustive review of the structural evolution of rift 

basins is beyond the scope of this literature review, the time-scale and nature of the evolution 

of rift depocentres is an important control upon deep-water systems hosted within rift basins. 

Rift basins are sedimentary basins formed in response to lithospheric extension over millions 

of years, recording one of the process of continental breakup. Whilst their petroleum-economic 

importance has driven much of the scientific research into rift basins, understanding the 

evolution of rifts has implications for seismic geohazards, mineral (e.g. polyhalite) exploration, 

subsurface carbon storage, oceanic circulation or isolation and palaeoenvironmental studies. 

Extension of the lithosphere to promote rifting can be grouped under two principal 

mechanisms; active rifting and passive rifting (Sengör and Burke, 1978; Keen, 1985). Active 

rifting is associated with large thermal plumes in the mantle promoting broad domal uplift and 

thinning of the continental lithosphere. The tensional stresses generated as a product of this 

are then accommodated as rifting of the lithosphere (Allen & Allen, 2005). Passive rifting relies 

on broader tensional stresses promoting thinning of the crustal lithosphere through brittle 

extension of the upper crust, and ductile extension of the lower crust and mantle lithosphere. 

In passive rifting, thermal doming and volcanic activity can still occur, but as a secondary 

response to the passive upwelling of the asthenosphere (Allen & Allen, 2005) and can vary 

dramatically along or between margins forming magma-poor or magma-rich end-members 

(Lister et al., 1991). 

 

Figure 3-1 Conceptual diagram summarising different forms of lithospheric extension and ultimate rift basin 
formation (modified from Allen & Allen, 2003 and Peron-Pinvidic, 2019) 
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For the generation of a rift basin, extension during passive rifting relies on the shear of 

lithosphere (Figure 3-1), either through; 

- A pure shear model, with a brittle upper crust, largely decoupled from a ductile lower 

lithosphere (McKenzie, 1978, Figure 3-1a), 

- A simple shear model with a translithospheric shear zone from the crust through into 

the asthenosphere (Wernicke, 1985,Figure 3-1b) or, 

- A hybrid between these with simple shear in the upper crust onto a crustal detachment 

and pure shear in the lower crust (Figure 3-1c), producing the 'flexural cantilever' effect 

of Kusznir et al. (1991).  

Whether a rift displays the differing elements of these models can ultimately influence its 

structural character resulting in varying degrees of asymmetry, thermal and tectonic 

subsidence or uplift, rates of extension, and structural complexity. All of these ultimately have 

the potential to interact with stratigraphy in rift basins by determining the spatial and temporal 

distribution of strain across a rift. Considerable recent advances in the understanding of rift 

evolution have demonstrated the distribution of strain across and during a rift to potentially be 

polyphase (Reston, 2005) and prone to the reactivation of pre-existing structures 

(Bartholomew et al., 1993; Morley et al., 2004; Paton & Underhill, 2004; Philips et al., 2016, 

2019) in variable temporal and spatial sequences (Ranero & Perez-Gussinyé, 2010; Peron-

Pinvidic et al., 2013). This complexity can produce an array of crustal structural configurations 

and as a result a variety of tectonostratigraphic sequences and settings due to spatially and 

temporally variable subsidence (Gawthorpe & Leeder, 2000; Cowie et al., 2000; Khalil & 

McClay 2019). 

3.1.2 Growth of normal faults and basin-scale tectonostratigraphy 

The generation of rift-basins relies ultimately on the perturbation of the earth's surface by the 

growth of normal fault arrays (Schlische, 1991; Gawthorpe et al., 1994; Gupta et al., 1998). 

Cowie et al. (2000) and Gawthorpe & Leeder (2000) both integrate numerical modelling with 

existing observations from field and subsurface studies across a range of scales to develop 

an understanding of the temporospatial evolution of normal faults within rift settings. According 

to this model (Figure 3-2), many rifts basins initiate as a broad area of distributed, low-strain 

deformation localised on numerous small faults in response to regional extensional stress. 

Shallow, isolated depocentres in the hanging wall of each isolated fault form a broad field of 

distributed deposition. With further evolution of the rift, strain localises onto faults which then 

begin to preferentially accommodate more strain, deepening the depocentres within their 

hanging wall. Larger displacement faults coalesce and link such that they grow to form 

increasingly coherent fault networks producing long, linked co-linear fault arrays (Figure 3-2). 



2020 Chapter Three – Literature Review 36 

 

Figure 3-2 Normal fault array evolution producing the linking of normal faults to form dominant co-linear fault 
arrays (from Cowie et al., 2000). 

At the scale of individual fault segments and broader fault arrays, the mechanism through 

which normal faults grow has long been separated into two evolutionary models to meet the 

linear relationship observed between displacement and fault length in global datasets (Figure 

3-3, Jackson et al., 2017; Rotevatn et al., 2018). An 'isolated' fault model, where faults grow 

through co-operative increases in their displacement and length for the entire history of a fault 

(Walsh & Watterson, 1988; Cartwright et al., 1995); and a 'constant length model' where faults 

accumulate much of their length very early within their history but continue to grow in 

displacement afterwards (Morley, 2002; Walsh et al., 2002,2003; Childs et al., 2003; Giba et 

al., 2012; Tvedt et al., 2016; Rotevatn et al., 2018). Ultimately normal faults have been 

demonstrated to show varying behaviour, where initial fault-tip propagation of the isolated 

model occurs very early in their history and over a short time (~10% of fault 'life' – Rotevatn et 

al., 2018) followed by largely constant-length and displacement accrual for the remainder of 

their evolution. However, many faults are documented to switch between the lateral tip 

propagation and constant-length D-L scaling as a result of increasingly complex structural 

interactions due to changes in local and regional stresses, or mechanical heterogeneity alter 

the kinematics of structural evolution (Morewood & Roberts, 1999; Contreras et al., 2000; 

Morley, 2002; Jackson et al., 2017; Peacock et al., 2017). 
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Figure 3-3 Summary of fault segment linkage through A) an 'isolated' fault model dominated by lateral tip 
propagation and B) a 'constant length' model where faults length is established early on with prolonged accrual of 

displacement. (from Jackson et al., 2017). 
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The growth of topographic features influencing sedimentation formed from the growth and 

linking of faults will be inherently linked to the mechanism and scale at which faults grow. The 

interaction and linkage of faults during the evolution of a rift basin leads to a wide variety of 

surface and subsurface expressions of structural features such as relay ramps, breached 

relays, transfer zones, and terraces that are known to form preferred locations for sediment 

dispersal and accumulation (Peacock & Sandeson, 1991; Gawthorpe & Hurst, 1993; Peacock 

& Sanderson, 1994,2002; Gawthorpe & Leeder, 2000; Peacock et al., 2000; McLeod et al., 

2002; Athmer et al., 2010; Jackson et al., 2011; 2017; Hemelsdaël et al., 2016; Peacock et 

al., 2017). As a result, rift basin depositional systems are closely related, spatially and 

temporally to these structures. Gawthorpe & Leeder (2000) demonstrated how structural 

variability impacted the kind of sedimentary systems exhibited within a rift for a given structural 

setting, eustatic sea level, and maturity of a rift basin (e.g. Figure 3-5). Relay and transfer 

zones are preferential pathways for rivers and subaqueous sediment distribution alike but 

have limited accommodation compared to fault centres due to limited subsidence at fault tips 

(Figure 3-4, Gawthorpe et al., 1994; Collier & Gawthorpe et al., 1995; Barrett et al., 2018, 

2019). As a result, accommodation at fault tips is commonly filled or overfilled, promoting the 

development of terrestrial fluvial and shoreline systems, which feed into deeper, subaqueous 

depocentres where accommodation exceeds sediment supply (e.g. Figure 3-5; Gawthorpe et 

al., 1994; Gawthorpe & Leeder, 2000; Barrett et al., 2018, 2019). However, Gawthorpe & 

Leeder (2000) demonstrate that this model is not ubiquitous and is strongly controlled by the 

impact of sediment supply and eustasy (Figure 3-5). This variability can occur over 

comparatively short scales spatially (~<10s of kilometres) and will change in response to 

continued subsidence and uplift of normal fault depocentres and hinterlands over 104 - 106 yrs 

time-scales (Figure 3-4, Figure 3-5, Cowie et al., 2000; Gawthorpe & Leeder, 2000; Leeder, 

2011; Ford et al., 2016; Nixon et al., 2016; Gawthorpe et al., 2018; Pechlivanidou et al., 2018).  
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Figure 3-4 The interaction of subsidence and eustatic changes in accommodation around a normal fault vary 
considerably over short distances and prompt different likelihoods of depositional environments according to their 

balance with sediment supply (Modified after Gawthorpe et al., 1994; Collier & Gawthorpe, 1995) 
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Figure 3-5 Examples of Gawthorpe & Leeder (2000) tectono-sedimentary models characterising the spatial and 
temporal variability of sedimentary systems within rifts from A) rift-initiation stage to B) Fault-linkage and 

interaction stages. Red Boxes and text highlight two focuses of this study, characterising the nature and control 
on stratigraphic architecture within deep-water syn-rift settings. (SL – sea level). 
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On-going subsidence in an idealised normal fault will typically place the hanging wall through 

a sequence of gradually becoming underfilled, as the rate of subsidence increases with the 

main phase of activity on a fault such that it outpaces sediment supply (Prosser, 1993; Ravnås 

& Steel, 1997; Gawthorpe & Leeder, 2000). Eventually, the death of a fault will promote a 

gradual infilling of a depocenter during the post-rift phase. The evolution of the syn-rift portion 

of a rift-basin fill has previously been split into 'rift initiation' and 'rift-climax' stages or tectonic-

systems tracts when considering the gross architecture of a rift basin fill (Figure 3-6, Prosser, 

1993). Rift initiation stratigraphy, forming a thin, fault-ward thickening wedge is likely to 

comprise a mix of axial fluvial and marginal marine or lacustrine depositional systems 

depending upon on interactions with global sea-level and subsidence (Alexander & Leeder, 

1987; Prosser, 1993; Ravnås & Steel, 1998). The continued evolution of structures is intended 

to lead to the 'rift-climax' stage, which is recognised in my sections as a considerably thicker 

syn-rift wedge thicking towards the controlling fault (Figure 3-6). 'Rift-climax' is commonly 

modelled to record the outpacing of sediment supply by subsidence, being dominated by fan-

deltas and fault-scarp aprons (Figure 3-5, Figure 3-6) supplying sediment to deep-water fans. 

It is only with the cessation of faulting activity that subsidence slows and sediment supply 

returns to rift-basin depocenters, in this case, within the post-rift, where large shelf-margin 

systems may gradually prograde and infill the broader rift basin during the latest stages of its 

evolution (Prosser, 1993; Ravnås & Steel, 1997, 1998). Substantial quantities and increased 

resolution of data collected within rift basins since the models of Prosser (1993) have 

highlighted that rift basin histories are likely to be far more complex. The transition from rift-

initiation to rift-climax is strongly diachronous between and within individual depocentres, and 

may well be absent or very subtle depending on the exact balance of supply and 

accommodation within a given depocenter (Gawthorpe et al., 1994; Leppard & Gawthorpe, 

2006; Rohais et al., 2008; Strachan et al., 2013; McArthur et al., 2016a; Nixon et al., 2016, 

Figure 3-7). Seismic studies of the Corinth Rift can be placed in Prosser (1993) type 

megasequences (Nixon et al., 2016; Figure 3-7). However, it is important to note the local 

nature of any interpretation in this case. Whilst SU1 and proposed onshore equivalents may 

be considered similar to “rift climax” (e.g. Rohais et al., 2007), with SU2 reflecting the transition 

to the post-rift, the ‘uncomplete’ history of the active Corinth Rift, frequent and substantial 

modern faulting activity influecing sedimentary systems means ‘post-rift’ under-represents the 

dynamic nature of the Corinth Rift over the past ~1Ma (e.g. Nixon et al., 2016). Studies recently 

have seemingly abandoned the megasequence terminology in favour of more descriptive 

discretisation of sequences of rift basins to be more representative of the basin and sub-basin 

scale variability within rift settings (e.g. early and late syn-rift – Ford et al., 2016; Gawthorpe 

et al., 2018).  
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Figure 3-6 Summary cartoon highlighting the evolution and style of idealised rift sequences (from Prosser, 1993). 
Geological reality is often considerably more complex, with transitional and protracted switchovers in activity 

between individual depocentres, drainages and sedimentary systems. 
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Figure 3-7 A) ‘Type’ N-S seismic section from the Corinth Rift in Nixon et al. (2016) with B) Prosser (1993) type 
megasequences added as a potential megasequence interpretation. Integration with the broader line in A and 
tectonostratigraphy of the rift highlights the complexity not captured by such megasequences at the fault block 

scale. 
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3.1.3 Deep-water and deltaic syn-rift stratigraphic architecture 

Characterising the heterogeneity and controls upon the complexity of rift basin evolution and 

resultant stratigraphy forms the focus of many studies within rift basin research at present, 

especially within deep-water settings. Strachan et al. (2013) highlight the paucity of outcrop-

scale studies within deep-water syn-rift systems and the resultant disconnect between the 

wealth of regional-scale studies within subsurface systems and the complexity that is not 

realised at the resolution typical of subsurface datasets. Exposures in the Wollaston Fordland 

Group, NE Greenland (e.g. Surlyk, 1984; Henstra et al., 2016a) and Gulf of Suez, Sinai, Egypt 

(e.g. Sharp et al., 2000; Leppard & Gawthorpe, 2006) have long formed the basis for the 

understanding of outcrop-scale heterogeneity within syn-rift systems and have considerable 

popularity as subsurface analogues (e.g. Brae – Turner et al., 2018). Characterisation of both 

systems has highlighted they host substantial heterogeneity in their stratigraphic architecture 

that is difficult to reconcile with the wealth of recent advances in deep-water sedimentology 

(Figure 3-8; Strachan et al., 2013; Henstra et al., 2016a). For the most part, the architecture 

is similar to that predicted by classical deep-water fan models for coarse-grained depositional 

systems with shallow, short, transient scour and channel fills feeding short, splay-like fan 

bodies that laterally compensate and coalesce (e.g. Reading & Richards, 1994). Individual 

depositional bodies are prone to amalgamation and separation over short length scales and 

are further complicated by a broad-ranging variety of depositional processes due to the broad 

grain-size ranges available in syn-rift depositional systems. As a result, even at a conceptual 

level, the models for stratigraphic heterogeneity within deep-water syn-rift systems are 

considerably underdeveloped compared to those in other active or passive depositional 

settings. Within this, most outcrop studies have focussed on systems dominated by transverse 

sediment transport from largely local footwall sources (Surlyk, 1984; Leppard & Gawthorpe, 

2006). However, subsurface studies document axial deep-water systems to be prevalent 

amongst late syn-rift deep-water systems (Ravnås et al., 2000; Haughton et al., 2009; 

McArthur et al., 2016a). Both transverse and axial systems typical of rift-basins have been 

studied in bathymetric and near-subsurface data in modern lakes and fjords (e.g. Gilbert-type 

fan delta bottomsets, British Columbia; Prior & Bornhold, 1988; Gales et al., 2018; Vendettuoli 

et al., 2019; axial channels and sublacustrine fans, Lake Baikal, Nelson et al., 2009) however, 

the translation of these features into to the stratigraphic record is unknown.  

Strachan et al. (2013) highlight that stratigraphic architecture in deep-water syn-rift systems 

relies upon the complex interaction of sediment supply and basin topography or 

accommodation. Intra- and extra- basinal topography and resultant accommodation in deep-

water syn-rift systems can be estimated with relatively high confidence due to its relation to 

the growth of largely mappable structures. (Gawthorpe et al., 1994). Subsurface studies and 

numerical modelling have demonstrated that deep-water depositional systems preferentially 
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route to topographic lows in the central hanging walls of normal faults (e.g. Athmer et al., 2010; 

Ge et al., 2017; Southern et al., 2017). However, how depositional system-scale responses to 

topography manifest themselves at the outcrop scale remains unclear, along with how intra-

basinal topography influences the architecture of a deep-water syn-rift system.  

Understanding the controls on sediment supply to deep-water syn-rift systems is considerably 

more uncertain than influences of structural growth. Sediment supply can be influenced by a 

variety of factors which do not have obvious stratigraphic expressions and also operate at a 

variety of different time-scales. The relatively short width, or total absence, of siliciclastic, 

footwall-derived shelves within rift settings means deep-water systems may often exhibit a 

direct connection to onshore drainage catchments making them particularly sensitive to 

catchment supply changes (Carvajal & Steel 2006; Sømme et al., 2009; Dixon et al., 2012; 

Romans et al., 2016). Likewise, short, steep, shelves do not exposure or flood considerable 

areas of sediment volume to be produced by coastal erosive processes during sea-level 

changes. Contrary to this, carbonate or mixed systems, particularly those derived from the 

hanging wall dip-slope commonly develop much broader, shallower catchments extensive for 

several 10s of kilometres in dip section such as the Visean (Chadian) Derbyshire Platform 

(Fraser & Gawthorpe, 2003) or Miocene Rudeis Formation of the El-Qaa Fault Block, Suez 

Rift (Muravchik et al., 2016). As a result, footwall-derived, directly connected, deep-water rift 

systems are more likely to be sensitive to catchment triggered supply changes than those 

related to eustasy (Collier et al., 2000). Drainage increases or reversals from structural growth 

(Pechlivanidou et al., 2018, 2019), spatial differences in bedrock lithology (Zondervaan et al., 

2019; Watkins et al., 2018, 2020), palaeoclimate and vegetation (Leeder et al., 1998; Collier 

et al., 2000) all have potential impacts on sediment discharge from rift catchments. The 

expression of these within the deep-water realm is currently underexplored and has meant 

temporal changes in stratigraphy have more commonly been attributed to changes in fault-

generated accommodation (e.g. Larsen et al., 2010). 
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Figure 3-8 Summaries of stratigraphic architecture from deep-water syn-rift exposures from a) Gulf of Suez 
(Strachan et al., 2013) and b)  NE Greenland (Henstra et al., 2016a) 
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Whilst this thesis focuses on siliciclastic deep-water syn-rift systems, substantive reviews of 

carbonate or mixed syn-rift systems demonstrate similar substantial temporal and spatial 

heterogeneity (Cross & Bosence, 2008; Dorobek, 2008; Cumberpatch et al., 2020). An 

exhaustive description of these is beyond the scope of this literature review and thesis, but 

carbonate or biolclastic input, locally derived from reef, platform or ramp carbonate build-ups 

is important to recognise within deep-water syn-rift settings. Carbonate ‘factories’ commonly 

develop when footwall highs or surrounding hinterlands become submerged, especially in low-

latitude areas, or regions with high organic productivity/reduced clastic input (Leeder & 

Gawthorpe, 1987; Cross & Bosence, 2008). Such footwall high carbonate build-ups are 

commonly fringed by carbonate talus and subaqueous slides (Leeder & Gawthorpe, 1987; 

Dorobek, 2008; Cross & Bosence, 2008). As in siliciclastic systems, spatial variability of 

subsidence and topography from fault growth determines where different deep-water 

carbonate environments occur (Leeder & Gawthorpe, 1987; Gawthorpe et al., 1994). Where 

the elevation difference between a footwall high and hanging wall ‘low’ is smaller (for example 

at fault-tips, or where underfilling of a depocenter is less severe from increased aggradation) 

condensed, deep-water calcareous mudstones or foraminiferal oozes are favoured rather than 

carbonate mass transport deposits, such as those in the Late Miocene of the Nam Con Son 

Basin, Vietnam (Matthews et al., 1997; Dung et al., 2018) or fringing reef build-ups in the 

Dinatian stratigraphy of Derbyshire, UK (Leeder & Gawthorpe, 1987). Alternatively, bioclastic 

plumes may trigger gravity currents depositing carbonate-rich muddy turbidites in their peri-

platform regions such as in the Early Jurassic Chachil Formation of the Chachil Graben, SW 

Neuqen Basin (Privat, 2019) or High Atlas Rift of Morocco (Lachkar et al., 2009). Gently 

dipping hanging-wall dip slopes similarly provide ample opportunity for carbonate ramp 

aggradation, which through storm-reworking and other mass-wasting processes can feed 

carbonate talus and limited calciturbidite deposits into hanging wall depocentres (Leeder & 

Gawthorpe, 1987; Fraser & Gawthorpe, 2003; Dorobek, 2008; Cross & Bosence, 2008). Unlike 

clastic deep-water systems however, the carbonate systems are particularly sensitive to very 

local climatic and minor oceanographic changes and their influence upon carbonate 

productivity (Cross & Bosence, 2008). This can produce complex and high-frequency cyclicity 

along with the typical eustatic variability promoting with periods of surface exposure and 

karstification and reef-rejuvenation in the stratigraphic record (Dorobek, 2008; Cross & 

Bosence, 2008) to produce substantial lateral and vertical heterogeneity. 
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3.1.4 Quaternary Mediterranean palaeoclimate and the influence of climate on 

sediment flux in rift basins 

Climate forms a fundamental control on the erosion and transport of clastic material from the 

terrestrial realm to the subaqueous environment through onshore river systems and deltas 

(Leeder et al., 1998; 2011, Collier et al., 2000;  Bogaart et al., 2002; Blum & Hattier – Womack, 

2009; Nelson et al., 2009; Bijerk et al., 2013; Sømme et al., 2013, 2020; Watkins et al., 2018, 

2020). However, palaeoclimate remains one of the most challenging controls to invert in terms 

of its effect and preservation within the sedimentary record (Straub et al., 2020). Storage of 

sediment within catchments and differing climatic and landscape sensitivities act distort 

climatic signals in the stratigraphic record through signal shredding or buffering and a general 

"incomplete-ness" stratigraphic record (Jerolmack & Paola, 2010; Hajek & Straub, 2017; Toby 

et al., 2019; Straub et al., 2020). Similarly, overlap in the time-scales of variability (e.g. 105 yrs 

variability) with that of structurally induced supply or accommodation changes (Pechlivanidou 

et al., 2018, 2019) can make delineating changes in catchment supply from changes in 

accommodation complex.  

Climate can influence the supply from exhumed rift-shoulder catchments to deltas directly; 

through changes in precipitation at various magnitudes and temporal orders (100 – 105 yrs). 

Increases in catchment discharge at a fundamental level act to increase sediment supply from 

catchments (Leeder et al., 1998, Figure 3-9). However, this effect may be moderated by 

several climatic feedbacks within the catchment. Changes in temperature and precipitation 

between glacial and interglacial periods can alter the extent of ice or permafrost coverage 

(Dilek et al., 2006; Hughes et al., 2007). Ice-covered or permafrost areas of the catchment are 

less likely to contribute sediment if ice-cover is continual, however where ice-coverage 

fluctuates or is removed there may be concordant increases in catchment discharge and 

erosion associated with this (Lönne & Nemec, 2004; Toucanne et al., 2012; Romans et al., 

2016; Bernhardt et al., 2017). Similarly, vegetation coverage responds to climatic change and 

has the potential for severe impacts on the delivery of sediment to the deep-water realm. 

Vegetation is documented to fluctuate within the Mediterranean and much of northern 

hemisphere in response to orbitally-forced changes in climate-linked to Milankovitch cycles 

(e.g. Leeder et al., 1998; Tzedakis et al., 2006). Leeder et al. (1998) demonstrate through 

numerical modelling how expansive forest cover during Mediterranean interglacials can 

effectively reduce the capability for sediment yield from a catchment; whilst steppe-like 

vegetation in glacial periods leaves the landscape prone to significant erosion. The presence 

of dense or 'closed' vegetation limits sediment supply into catchments in a number of ways; 

through the prevention or mitigation of mass movement on hillslopes (Marston, 2010; 

Istanbulluoglu & Bras, 2005); reducing the magnitude of rainwater erosion of soils, and 

promoting the storage of sediment within soils (Bosch & Howlett, 1982; Cheng et al., 2017).  
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Figure 3-9 Leeder et al. (1998) model for vegetation influence upon catchment discharge and sediment yield for 
Quaternary climate change. 

The complexity of sediment routing systems (Allen et al., 2008; Armitage et al., 2011; 

Whittaker et al., 2010, 2011) has meant the impact of climatically forced sediment supply 

fluctuations have often been challenging to determine regarding its effect on deltaic and deep-

water stratigraphy. Collier et al. (2000) demonstrate the growth of fan-deltas in the Gulf of 

Alkyonides in response to cool, wet winters of glacial periods and comparatively limited 

sediment supply during interglacials. Contrary to this, Watkins et al. (2018) pose that for the 

same deltas and fans of the Gulf of Alkyonides; elevated ocean and atmospheric temperatures 

are capable producing significantly larger storms over interglacials which carry out significant 

geomorphic work producing higher sediment yields during interglacials. Watkins et al. (2018), 

however, highlight that this difference may lay in non-unique or non-resolvable differences in 

the interpretation of deltaic architectures. Such differences may be resolved using 

palaeoenvironmental proxies such as palynology or micropalaeontology. Deep-water 

stratigraphy, as the terminal sink of most sedimentary systems presents a valuable archive of 

such changes however, the use of palynology has largely been restricted to palynofacies 
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indicating source-rock maturity, coarse-resolution biostratigraphy or understanding of fluid 

dynamics (Tyson, 1987, 1995; Waterhouse, 1995; McArthur et al., 2016b,c, cf. Collier et al., 

2000). The potential for syn-rift deep water deposits to demonstrate palaeoenvironmental 

information about catchment area has been demonstrated however in the form palaeoecology 

of syn-rift islands (McArthur et al., 2016d), but remains to be tested as a proxy for vegetation 

and sediment supply.  
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3.2 Gravity current processes 

Deep-water sedimentary processes are one of the most actively researched branches of 

sedimentology, with a broad array of outcrop, direct monitoring, physical or numerical 

modelling and theoretical research themes. Subaqueous gravity flows or density flows form 

the primary mechanism for sediment transport to the deep-water realm. In this section, the 

different transport and depositional processes and flow types typical of coarse-grained 

systems within rift systems are reviewed. The diversity of processes is particularly broad in rift 

basins, where short catchments and steep slopes promote extensive grain-size ranges and a 

complex array of deposits (e.g. Stow, 1985; Ghibaudo, 1992; Cronin et al., 2018). 

Nemec (1990) summarises the broad spectrum of possible flow types under the term 

'avalanches' (Figure 3-10). These vary from strongly cohesive, slow, transient, creep-

processes, through more competent but free-moving processes such as sliding and slumping, 

towards a transition from plastic, debris flows, fluidal turbulent flows to rock falls. This review 

of gravity current processes will largely focus on the processes within plastic and fluidal flows, 

however, all the sediment transport processes demonstrated in Figure 3-10 form important 

mechanisms for transport of material to deep-water syn-rift basins. 

 

Figure 3-10 Summary model of gravity current processes from Nemec (1990) 
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3.2.1 Fluidal flows – Turbidity Currents 

Turbidity currents are mixtures of sediment-laden fluid, which due to their excess density travel 

downslope (Kuenen & Migliorini, 1950; Bouma, 1962; Middleton & Hampton 1973). Turbidity 

currents have long been classified on account of their mechanism for grain support, being an 

upward component of fluid turbulence during transport, with tractional and collisional 

processes becoming of stronger influence during the depositional phases of such flows 

(Middleton & Hampton, 1973). Turbidity current models are commonly split into two distinct 

end-members of low-density turbidity currents (LDTs) and high-density turbidity currents 

(HDTs). The distinction between these is largely based on sediment concentration and relies 

on qualitative and often uncertain comparisons with existing models given the challenges in 

interpreting sediment concentration from deposits. 

3.2.1.1 Low-Density Turbidity Currents (LDTs) 

Low-density turbidity currents (LDTs) or dilute turbidity currents are common throughout most 

deep-water successions. They are often proposed as the nature of turbidity currents 

responsible for the deposition of the idealised, Bouma-type turbidite demonstrating normally 

graded bedding, overlain by current and climbing ripple laminations and a transition into mud-

rich hemipelagites (Bouma, 1962; cf. Lowe, 1982). The 'low density' refers (in most uses) to 

the concentration of sediment grains in the flow (between 0-25% - Mulder and Alexander 

(2001). However, concentration within turbidity currents varies vertically, near-bed portions of 

the flow are typically of higher concentration than the upper part of a flow. This concentration 

gradient forms as a function of size-segregated settling as the flow gradually decelerates, 

producing gradual layer by layer accretion at the bed base of the coarsest material (Kneller & 

Branney, 1995; Talling et al., 2013) or, repeated collapse of laminar basal layers (Hiscott, 

1994; Sumner et al., 2008). Very thin, muddy, turbulent flows at the fringes of deposition may 

collapse en-masse during their latter stages (Boulesteix et al., 2019). The low sediment 

concentrations of LDTs allows fluid pressure to move freely amongst the mixture, meaning 

turbulence is not substantially dampened (Baas et al., 2009).  

3.2.1.2 High-Density Turbidity Currents (HDTs) 

High density turbidity currents (HDTs) have typically higher sediment concentrations and/or 

grain-sizes (~20-50% Middleton & Hampton, 1973; Mulder & Alexander, 2001). HDT 

transportation processes are different from those of LDTs as a result of this heightened 

concentration. High sediment concentrations dampen near-bed turbulence making the basal 

part of a sand-rich HDT flow transport similar to bedload, with traction in laminar, highly 

concentrated basal layers deposited through rapidly aggrading traction carpets (Lowe, 1982; 

Postma, 1986; Postma et al., 1988; Sohn, 1997, 2000). The highly concentrated basal layer 

can be sufficiently concentrated to produce strong vertical concentration stratification of the 

flow to the point of becoming entirely bi-partite, with a highly concentrated basal layer behaving 
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as an independent collisional or frictional debris flow or granular flow with an overriding 

turbulent flow (sensu lato. a 'Low Density Turbidity Current'). This ultimately acts to produce a 

composite flow, with high-density turbidites likely existing in continuum with composite flows 

(described later in this chapter).  

The Lowe (1982) sequence is often used to describe the sedimentary deposits of gravelly, 

high-density turbidity currents and forms a useful basis for describing such deposits. Lowe 

(1982) proposes sedimentation to comprise a tractional stage, followed by a frictional freezing 

and suspension stage within traction carpets followed by direct suspension sedimentation. 

The sedimentation of larger grains then leaves a bypassed finer-grained fraction (LDTC) which 

often outruns the coarser-grained deposit, allowing the flow to become composite through 

deposition, rather than during transport of the entire sediment load as described above (Lowe, 

1982; Postma et al., 1988). The hyperconcentrated laminar basal layer or 'traction carpet' is 

dominated by poorly sorted coarser grains (gravels/pebbles if provenance allows) and 

vertically aggrades, but the uppermost part of the carpet likely continues to be further moved 

as bedload by the over-riding flow (Sohn, 2000; Sumner et al., 2008). 

 

Figure 3-11 Lowe (1982) scheme for gravelly, high-density turbidites 



2020 Chapter Three – Literature Review 54 

 

Figure 3-12 Vertical grain-size and flow rheology stratification within high-density turbidites demonstrated by 
physical modelling in Postma et al. (1988) highlights strong vertical segregation on steep slopes.  

Where 'high-density turbidity currents' are not well stratified, either due to a restricted grain-

size range, or concentrations are too high to allow the vertical segregation through kinetic 

sieving and grain dispersion, they may transition to grain flows (sensu. Lowe, 1979, 

'cohesionless debris flows' Nemec & Steel, 1984). 

3.2.2 Plastic Flows – Debris Flows 

The distinction between turbidity currents and debris flows was initially set up in Middleton & 

Hampton (1973) as a flow where sediment is principally supported by matrix strength 

determined by its cohesion (a property gained as clay minerals, and other solid constituents 

combine with water). Debris flows form from an increasing concentration (or cohesivity) 

spectrum from turbidity currents (e.g. Mulder & Alexander, 2001). They are highly 

concentrated sediment-water mixtures, often comprising very broad grain-sizes and grain 

textures commonly resulting in the deposition of massive, chaotic polymicts (Iverson, 1997; 

Sohn et al., 1999). Depositional processes of debris flows are summarised mainly to rely on 

the capacity for gravitational forces of debris flows to exceed or succumb to the yield strength 

of a cohesive matrix, behaving as a Bingham viscoplastic (Middleton & Hampton, 1976). 

However, direct observation of terrestrial flows and physically modelled flows has 

demonstrated the depositional processes of debris flows to be highly heterogeneous (Major & 

Iverson, 1999; Iverson, 2003). Lowe (1982) characterised this variability with two end-member 

models; a cohesive debris flow (mudflows) and grain flows. Later authors (e.g. Nemec & Steel, 

1984) propose the latter as cohesionless debris flows. While an apparent dichotomy with the 

original definition of debris flows by Middleton & Hampton (1973), these two end-members 

provide a valuable characterisation of the possible variability within and between the broader 

classification of debris flows. Mud-rich debris flows possess strongly cohesive matrix from high 

clay contents, which act to provide cohesive strength, giving rise to strongly laminar, plug flow 

during the depositional phase of cohesive debris flows (Baas et al., 2009; Talling et al., 2012). 
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However, flows with lower mud-contents, higher clast concentrations and ambient water 

entrainment can increase turbulence within debris flows, such that flows have non-laminar 

behaviour during transport. Debris flows are prone to temporospatial transformations in 

rheology; either from increasingly turbulent and disaggregated slumps or slides or through 

dilution by water-entrainment towards high-density turbulent flows which may be bound by the 

two cohesive and cohesionless end-members (Amy et al., 2005; Strachan et al., 2008; 

Haughton et al., 2009; Talling et al., 2012).  

Given the steep drainages and coarse-grained sizes typical of rift settings, coarse-grained, 

cohesionless debris flows are common (Nemec & Steel, 1988; Sohn, 2000). The depositional 

phase of these flows is dominated by frictional interactions between grains broadly following 

a cohesionless Bagnold or Coulomb model for flow rheology (Nemec & Steel, 1988; Major & 

Iverson, 1999). Such frictional interactions will be greater in their effect at increasing 

concentrations and lower dispersive pressures (Lowe, 1982; Sohn 2002). The difficulty in 

observation or modelling of very coarse-grained, dense, debris flows has meant the models 

for depositional processes, and resultant facies has remained largely unchanged since 

pioneering process interpretations of Walker (1975), Lowe (1986). Limited physical modelling 

of subaerial debris flows at the USGS debris-flow flume have however provided a greater 

understanding of the complexities and temporospatial changes in rheology which have 

translated into some facies models (Iverson, 1997; Major & Iverson, 1998; Sohn, 2000). The 

main outcome of these experiments has primarily been to alter previous models of depositional 

fabrics and their relationship to the flow process. For example, clast-imbrication has been 

demonstrated by Major (1988) and Sohn (2000) not to be criteria suitable to distinguish 

bedload driven accretion of clasts at the base of a high-density turbidite versus that of debris 

flow (e.g. Walker, 1975). 

Similarly, well-documented bed-thickness and maximum particle size relationships (e.g. 

Nemec et al., 1980; Porębski, 1984) can be highly unrepresentative of the broad variety of 

debris-flow depositional process (Iverson, 2003). In doing so, these experiments highlight that 

coarse-grained, clast-rich debris flows require considerable reappraisal with regards to their 

sedimentary processes in keeping with the substantial developments made in finer-grained 

flows through the 90s and early 21st century (Lowe & Guy, 2000; Haughton et al., 2009; Baas 

et al., 2009). Cronin et al. (2018) highlight the complexity of such a reappraisal with the current 

level of understanding of debris flow depositional processes, with ~28 individual facies types, 

and pose the need for outcrop and modelling studies to characterise the spatial and temporal 

distribution of different 'lithofabrics'. 
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3.2.3 Composite and transitional flows 

3.2.3.1 Clay-Rich Hybrid Flows and Hybrid Event Beds 

Gravity current depositional processes exist along a continuum of variable processes largely 

determined by sediment concentration and grain-support mechanism. Between two principal 

end-members of fluidal, turbidity currents and plastic, debris flows, considerable complexity 

exists in transitional and composite flows (Baas et al., 2009, 2011; Talling et al., 2013). Flows 

can transform through transitional flows or begin as composite/transitional flows if their 

sediment concentration and grain-size distribution are sufficient to form a departure from end-

member flow types. Considerable research on composite flows has described how sediment 

entrainment, often of a cohesive, clay-rich substrate, promotes hybrid flows or 'hybrid event 

beds' in mud-prone environments (Haughton et al., 2009; Southern et al., 2017; Kane et al., 

2017). Increased flow concentration and cohesivity from mud-entrainment in this 

transformation acts to dampen turbulence and ultimately segregate the flow into strongly 

turbulent basal parts which transition into cohesive, debris-flow like mud-rich upper parts 

(Haughton et al., 2003, 2009). Due to differing velocity characteristics of respective flow 

portions, the flow segregates in a streamwise direction in addition to vertical segregation 

(Figure 3-13).  Alternatively, highly concentrated flows with high clay fractions may not exhibit 

strong segregation to form 'slurry' or highly fluidised but cohesive flows although the duration 

and existence of this lack of segregation is unclear, especially during the depositional phases 

of flows (Lowe & Guy, 2000; Haughton et al., 2009). Hybrid-beds are commonly distributed in 

regions of sedimentological process complexity such as interactions with topography (Barker 

et al., 2008; Patacci et al., 2014; Soutter et al., 2019), substantial cohesive entrainment and 

subsequent flow transformation (Haughton et al., 2009; Spychala et al., 2017, Kane et al., 

2017) or morphometric transitions promotive of rapid deceleration such as channel-lobe 

transition zones (Hodgson, 2009; Spychala et al., 2016; Fonnesu et al., 2017). The deposits 

of hybrid flows (herein ‘hybrid event beds’ as in Haughton et al., 2009) can be recognised by 

the presence of distinct clay-rich and clay-deficient sandstone banded intervals, and the 

inclusion of intra-clast rich portions within a single interpreted ‘event’ or ‘bed’ (Haughton et al., 

2009; Kane et al., 2017; Southern et al., 2017). The differing proportion of hybrid bed facies 

(i.e banded and stratified vs intra-clast rich) have been demonstrated to be linked to the 

complex balances of sediment fall-out rates, concentration changes, substrate competency 

during the spatially and temporally heterogeneous depositional process of hybrid flows 

(Southern et al., 2017). 
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Figure 3-13 Summary of mud-rich composite flows and their place within the gravity current spectrum (from 
Haughton et al., 2009). 

3.2.3.2 Clay-deficient transitional/composite flows 

Composite flows within mud-deficient systems are comparatively understudied but are likely 

to be common within syn-rift settings, especially in proximity to delta slopes. Sohn (1999) 

demonstrate the potential for strongly bi-modal and tri-modal deposits formed from the 

streamwise segregation of clast concentrations which have been recognised widely in 

experimental work on debris flows (Iverson, 1997) and outcrop studies (Sohn, 2000; Mutti et 

al., 2003; Rohais et al., 2007a,b; Kane et al., 2009; Gobo et al., 2014, 2015). Coarse-grained 

composite flows typically comprise a clast-rich, unsaturated head followed by a 

hyperconcentrated body and typically fluidal, turbulent tail (Figure 3-14c,d, Sohn, 1999; Sohn 

et al., 2000; Kane et al., 2009), however, the opposite segregation may occur depending upon 

the degree of cohesiveness within the debris flow, and resultant velocity contrasts between 

each portion. Iverson (1997) document a transition from a debris-flow led flow from, to a 

debris-flow trailing flow in response to chaotic deposition at slope breaks. 
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Figure 3-14 Coarse-grained composite flows formed from streamwise clast concentration segregation (from 
Sohn, 1999). 

Henstra et al. (2016a) document and summarise this transition in syn-rift slope aprons of the 

Wollaston Forland Group in NE Greenland (Figure 3-15) and highlight the potential for rift 

systems to host composite flows over short scales and produce substantial variability in 

deposits as a result of their interaction with complex basinal topography. Interpreting 

sedimentary processes from the deposits of such flows remains challenging given the 

complexities and heterogeneities intrinsic to debris flow (and broader gravity current 

processes) and the tendency of amalgamation within such systems. Further outcrop 

characterisation is needed to determine how and where flows deposit to begin understanding 

the controls upon their depositional processes (Cronin et al., 2018).  
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Figure 3-15 Summary model for depositional processes within coarse-grained gravity current systems typical of 
syn-rift environments. Flow transformations are common due to high-sediment concentrations and complex 

topographic interactions (From Henstra et al., 2016a). 
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3.2.4 Topographic Interaction 

Along with intrinsic controls such as sediment concentration and calibre, topography forms a 

fundamental control upon gravity current transport and deposition. Topographic gradients 

have the potential to accelerate gravity currents promoting the transport and bypass of 

material or decelerate them to promote deposition (Kneller, 1995; Kneller & Branney, 1995; 

Kneller & McCaffrey, 1999; Stevenson et al., 2015). Acceleration can form from increases in 

axial gradients or lateral restriction to produce accumulative flow. Likewise, a decrease in 

slope gradient or a lack of lateral restriction can promote deceleration and depletive flow 

(Figure 3-16). 

 

Figure 3-16 Summary cartoons for topographic influences on flow uniformity and steadiness (Kneller, 
1995).  

The implications of this are substantial for routing of sediment gravity flows within rift basins, 

where substantial topographic changes of the basin floor are common, and also for promoting 

their deposition.  

3.2.4.1 Sediment routing 

Intra-basinal topography influences the routing of gravity currents through the acceleration of 

flows through accumulative flow towards topographic lows (Kneller, 1995; Kneller & 

McCaffrey, 1999; Al Ja'Aidi, 2000, Al Ja'Aidi et al., 2004). At the broadest scale in rift-settings, 

this leads to the routing of systems to subsidence centres in the hanging wall of normal faults 

unless deposited in such settings immediately (i.e. in transversely emplaced fault scarp 

aprons) (Ravnås et al., 2000; McLeod et al., 2002; Hodgson & Haughton, 2004; Kane et al., 

2010; Athmer et al., 2010; Ford et al., 2013; McArthur et al., 2016a; Southern et al., 2017). 

The susceptibility of a flow to acceleration on a slope, however, is governed by its ability to 

maintain downward momentum through excess density (Nemec, 1990). As a result, flows 
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which are less severely impacted by ambient water entrainment, or dampening of turbulence 

through cohesive substrate erosion, are commonly more prone to acceleration by intra-basinal 

slopes (Al Ja'Aidi et al., 2004; Kane & Ponten, 2012; Bakke et al., 2013; Porten et al., 2016). 

Given this, flows such as debris flows and high-density turbidity currents are more severely 

impacted by topographic perturbation, whereas more dilute currents may be able to exceed 

topography and be more pervasive (Figure 3-17). The converse is true for slope-breaks or 

flow-opposing slopes, where the run-up distance for a given flow (or portion of a flow) will be 

impeded by its excess density (Kneller & McCaffrey, 1999). The combination of these factors 

promotes the widely observed restricted accumulations of deep-water fans within 

topographically complex settings. 

 

Figure 3-17 Flow-density dependent topographic perturbation (from Bakke et al., 2013) 

Whilst the spatial arrangement of broader system scale evolution of deep-water stratigraphy 

in topographically complex fans is relatively simple considering the above, how this evolves 

temporally, and how it is represented at sub-basinal scales becomes far more complex. 

Various bed, bed-set and element scale topographic onlap relationships have been 

documented to result from the complex flow transformations occurring between confining 

slopes of varying temporal and spatial severity (McCaffrey & Kneller, 2001; Bakke et al., 2013; 

Hansen et al., 2019; Soutter et al., 2019). However, these have dominantly been in finer-

grained, mud-rich systems and the character of sedimentological interaction with topography 

within in coarse-grained systems is poorly documented due to the scarcity of suitable outcrop 

studies. However, depletive flow as a result of frontal and lateral confinement forms a clear 

mechanism for promoting localised and complex deposition. 
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3.2.4.2 Slope Breaks 

Breaks in slope also pose a morphometric transition zone which acts to promote the deposition 

of gravity currents (Postma & Roep, 1985; Hadler-Jacobsen, 2005; Amy et al., 2006; Rubi et 

al., 2018; Pohl et al., 2020; Spychala et al., 2020). The transition, especially from steep slopes, 

to a decreased sub-horizontal slope, commonly promotes the competency-driven deposition 

of material through a hydraulic or granular jump (e.g. Postma & Roep, 1985; Nemec, 1990; 

Postma et al., 1988; Prior & Bornhold, 1988; Postma & Cartingy, 2014; Dorrell et al., 2016; 

Pohl et al., 2020). In very coarse-grained flows, the bulk of the sediment load deposited is 

likely to be that of the conglomeratic basal fraction, with finer-grained material bypass, 

although likely severely decelerated through the hydraulic jump (e.g. Dorrell et al., 2016). The 

stratigraphic record of such slope breaks has been the focus of considerable research 

recently, with focus on the channel-lobe transition zones at the base of continental slopes (e.g. 

Hofstra et al., 2015) and with fundamental physical experimental work (Postma et al., 2014; 

Cartingy et al., 2014; Pohl et al., 2020). The deposits and processes at the base of slope will 

vary according to the severity of the angular change (Pohl et al., 2020, Figure 3-18). The exact 

configuration of slope break angle, and incoming flow velocity, rheology and concentration will 

determine the evolution of a hydraulic jump at the base of slope. However, most slopes exhibit 

a common motif of substantial erosion at the base of slope followed by the deposition of bar 

forms downdip which may be reworked into sediment waves (Hofstra et al., 2015; Postma et 

al., 2014). These features may become up-dip migrating where the over-riding or reworking 

flow has not become sub-critical in the immediate zone of the break of slope, forming up-dip 

migrating bedforms such as chutes and pools, cyclic steps or antidunes. The formation of such 

bedforms may also be dependent on the nature of lateral confinement and resultant flow 

efficiency at the slope break (Cartingy et al., 2014; Postma et al., 2014, 2020; Gales et al., 

2018; Vendetuolli et al., 2019). The indication of substantial energy of flows beyond the slope 

break, especially in laterally confined base-of-slope channels or scours, may be indicative of 

the potential for longer distance run-out beyond the break of slope (Amy et al., 2006, Figure 

3-19).  
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Figure 3-18 Changes of base-of-slope angles of incoming (a) and outgoing (b) slope determine the nature of 
deposition, bypass and of updip pinch outs (from Pohl et al., 2020) 

 

Figure 3-19 Base of slope character within deep-water systems dominated by up-dip migrating and aggrading 
transition from a scour-fill prone zone through to a transition of weakly or non-confined sheets (from Amy et al., 

2006) 
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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 systems that can 

help constrain the tectono-stratigraphic evolution of such systems are rare or complicated by 

inversion tectonics. Here, an Early-Mid Pleistocene deep-water syn-rift system in the hanging 

wall of a rift-margin fault is documented, bounding the West Xylokastro Horst block, on the 

southern margin of the Gulf of Corinth, Greece. Geological mapping combined with digital 

outcrop models permit observations along this depositional system from hinterland source to 

deep-water sink. The West Xylokastro Fault hanging wall is filled by two distinct sedimentary 

systems; a coarse-grained axial system fed by flows derived from fault-tip Gilbert-type fan 

deltas and a lateral system dominated by mass transport deposits from an evolving fault-scarp 

apron. Abrupt changes in stratigraphic architecture are interpreted to record changes in 

relative base level, sediment supply and tectonics. Locally, depositional topography and intra-

basinal structures controlled sediment dispersal patterns, from bed-scale infilling of mass 

transport complex topography, to basin-scale confinement from the fault scarp apron. These 

acted to generate a temporally and spatially 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 up-dip, which manifest themselves as channels in the deep-water realm and acted 

to prograde the system. A new conceptual model is presented that recognises coeval axial 

and transverse systems and emphasises heterogeneity of rift basin-fills with multiple entry 

points. Cover Photo: A few from the Ilias delta, towards the West Xylokastro Fault Block. The Xylokastro Horst 

marks out the the topographic high on the right hand side.  

Chapter Four 

Axial and transverse deep-water sediment supply to syn-rift fault terraces: 

insights from the West Xylokasro Fault Block, Corinth Rift, Greece 

4 
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Chapter 4 – Axial and Transverse deep-water sediment supply to 

syn-rift fault terraces: insights from the West Xylokastro Fault Block, 

Corinth Rift, Greece 

4.1 Introduction 

The depositional architecture of deep-water syn-rift systems 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. Gawthorpe et al., 1994; Rohais et al., 2007a,b; Sharp et al., 2000; Strachan 

et al., 2013; Henstra et al., 2016a; Gawthorpe et al., 2018; Barrett et al., 2019a). Distinguishing 

the distribution and interplay of different input systems is challenging, particularly in cases 

where the hinterland provenance is similar. 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 (Turner & Allen, 1991, 2018; Fraser et al., 2003), and 

the East African Rift (Scholz et al., 1990, 1998; Soreghan et al., 1999). They are characterised 

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. Hanging wall aprons, dominated by rock-fall deposits from fault 

scarp degradation, form a principal endmember (Reading & Richards, 1994, Gawthorpe & 

Leeder, 2000, Sharp et al., 2000; Bilal et al., 2018). Footwall-sourced systems are well 

documented with conceptual models developed from numerous subsurface and outcrop 

studies, e.g. Oseberg systems (Ravnås & Steel, 1997), the ‘Brae Play’ trend of the South 

Viking Graben, (Turner & Allen, 1991; Gardland et al., 1999; Turner et al., 2018; Jones et al., 

2018), the Wollaston Ford Grp., Greenland (Henstra et al., 2016a). Spatially distinct but coeval 

input systems 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 e.g. 

Lower Kimmeridge of the Strathspey-Brent systems (McLeod et al., 2002) or Kimmeridgian 

systems in the region of the J-Ridge in the Central North Sea (McArthur et al., 2016a). 
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Exhumed deep-water syn-rift systems exhibit one main input system (e.g. Gulf of Suez – 

Gupta et al., 1999; Leppard & Gawthorpe, 2006; Strachan et al., 2013), and systems where 

axial and transverse systems coexisted, so that the balance of allogenic and autogenic 

controls can be understood, have not been documented.  

Here, stratigraphic mapping and mesoscale architectural observations within the West 

Xylokastro Fault Block (WXFB), Gulf of Corinth, Greece, is presented 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 (Rohais et al., 2007 a,b; Rohais et al., 2008; Gobo et al., 2014a,b; 

Gobo et al., 2015; Rubi et al., 2018; Zhong et al., 2018) at the western tip of a structural high, 

the Xylokastro Horst (Figure 4-1, Figure 4-2). The related deep-water sediments, the Rethi-

Dendro Formation (Koutsouveli et al., 1989; Tsoflias et al., 1993; Leeder et al., 2012; 

Gawthorpe et al., 2018), are exposed ~ 10 km basinward from these fan deltas. 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? 

b) How do axially fed deep-water fairways interact with transverse systems? 

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

4.2 Geological Setting 

The Gulf of Corinth is an active rift that initiated ~5 Ma in the very latest Miocene or early 

Pliocene (Doutsos & Piper, 1990; Doutsos & Poulimenos, 1992; Collier & Dart, 1991; 

Goldsworthy & Jackson, 2001; Briole et al., 2000; Pirazzoli et al., 2005; McNeil et al., 2005b; 

Rohais et al., 2007a; Bell et al., 2009; Skourtsos & Kranis, 2009; Taylor et al., 2011; Beckers 

et al., 2015; Hemelsdaël et al., 2016, Rohais & Moretti, 2017; Gawthorpe et al., 2018). 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 et al., 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 (Skourtsos and Kranis, 2009; Ford et al., 2013; Skourtsos et al., 2016; Rohais & Moretti 

2017, Gawthorpe et al., 2018). A distributed fault network developed a set of depocentres 

filled with alluvial and fluvial depositional systems during an early rift phase probably lasting 
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from 5-~3 Ma, which ultimately developed into a central ‘Lake Corinth’ (Rohais et al., 2007a,b; 

Ford et al., 2013; Nixon et al., 2016; Ford et al., 2016; Gawthorpe et al., 2018). 

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 (Leeder et al., 2012, Gawthorpe et al., 2018) 

(Figure 4-2b). Numerous fan deltas sourced from the Olvios drainage catchment feed the 

Rethi-Dendro Formation (Gawthorpe et al., 2018; de Gelder et al., 2019; Fernández-Blanco 

et al., 2019). These fan deltas (Kyllini, Mavro, Evrostini/Ilias) migrated northward in response 

to progressive basin deepening events and narrowing of the rift (Gawthorpe et al., 2018, de 

Gelder et al., 2019). Migration of fault activity between Rift 1 and Rift 2 to a co-linear, E-W 

trending rift margin in the position of the West Xylokastro Fault favoured the development of 

the giant Evrostini and Ilias Gilbert-type fan deltas (Figure 4-1, Rohais et al., 2008; Ford et al., 

2016; Gawthorpe et al., 2018). These prograded into ~300-600m of water and fed downdip 

deep-water systems in the WXFB depocentre (Rohais et al., 2007, Gobo et al., 2014, Gobo et 

al., 2015, Ford et al., 2016, Gawthorpe et al., 2018; Rubi et al., 2018; Zhong et al., 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 (Rohais 

et al., 2007 a,b; Gawthorpe et al., 2018; de Gelder et al., 2019; Fernández-Blanco et al., 2019). 

The growth of the basinward Likoporiá and Derveni Faults (Figure 4-1) occurred ~750 ka 

(Nixon et al., 2016; Gawthorpe et al., 2018; de Gelder et al., 2019; Fernández-Blanco et al., 

2019) and are now incised by the antecedent Dervenios River. The presently active Likoporiá 

and Derveni faults control the modern coastline, and their footwall uplift has exhumed the 

WXFB (Rohais et al., 2007a,b; Leeder et al., 2012; Ford et al., 2016; Gawthorpe et al., 2018; 

Zhong et al., 2018). 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 (Nixon et al., 2016; Gawthorpe et al., 2018; McNeil et al., 2019a). 
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Figure 4-1 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 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 chapter. 
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4.3 Methodology 

Stratigraphic and structural mapping in the WXFB has permitted description of stratigraphy 

across a 40 km2 area downdip of the Evrostini and Ilias fan deltas, which has to date remained 

undifferentiated (Figure 1, 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 intervals). 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 (available in the Supplementary Information) permit investigation in 

inaccessible areas to support stratigraphic 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 detailed sedimentological process study is beyond the scope of 

this chapter and as such, the stratigraphy is described in terms of depositional elements to 

inform interpretations of the larger scale evolution of the WXFB. 

4.4 Structure and Stratigraphy 

4.4.1 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 complicated by the 

presence of antithetic faults (the Vryssoules and Koutsa Faults), the footwall of which 

generated a positive 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 structures 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 (Skourtsos et al., 2009; Rohais & Moretti, 2017; Gawthorpe et al., 2018). 

The West Xylokastro Fault forms a present-day topographic escarpment of an exposed fault 

plane, showing the greatest relief (and displacement; >1 km) at its centre near the village of 

Ano Loutro (Figure 4-1, Figure 4-2, 

Figure 4-3). The main phase 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 cement show minor reactivation 
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throughout the Late Pleistocene (Flotté & Sorel, 2001; Causse et al., 2005). However, these 

were unlikely to be responsible for generating significant subsidence in the hanging wall, but 

may have allowed upward fluid migration, promoting the generation of perched tufa and 

travertine deposits in the immediate hanging wall, near Eliniko (Figure 4-1, Figure 4-2; 

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 (Rohais et al., 2007a,b; Ford et al., 2016; Gawthorpe et 

al., 2018; Figure 4-1b). 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 et al., 2007a,b, 2008; 

Zhong et al., 2018; Figure 4-1, Figure 4-2). Ford et al. (2016) interpret that these faults are 

likely not basement involved and instead reflect thinner-skinned (intra-Evrostini/Ilias) 

deformation 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. The Evrostini 

Growth fault is not interpreted to direct links with the West Xylokastro Fault through a region 

of largely land-slipped exposures. Instead, 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 et al., 2007a,b, 2008; Ford et al., 

2016). 

The WXFB, in the hanging wall of the West Xylokastro Fault, is bounded to the north by the 

presently active margin generated by the Derveni and Likoporiá Faults (Nixon et al., 2016). 

Offshore observations estimate that these faults became active ~0.75 Ma (Nixon et al., 2016, 

Gawthorpe et al., 2018). This is coincident with: 1) northward migration of fault activity in the 

west (Pirgaki-Mamousia Fault to the West Helike Fault (Ford et al., 2007), 2) biostratigraphic 

constraints of the Vouraikos fan delta in the hanging wall of the Pirgaki-Mamousia Fault (Ford 

et al., 2007), and 3) beach deposits (MT on Figure 4-1b, Figure 4-2) in the WXFB at an 

elevation of ~270 m that unconformably overlie deep-water sediments of the Rethi-Dendro 

Formation. Combined with uplift rate estimates from Armijo (1996) of ~1.3-1.5 m/kyr this 

emergence of hanging wall stratigraphy is interpreted to have occurred at ~207-180 ka. 

Assuming their basal surface onto the underlying Rethi Dendro Formation was representative 

of the prior palaeobathymetry of water depths between 400-500 m, this is consistent with 

timings of activity on the Likoporiá and Derveni Faults from ~750 ka (Nixon et al., 2016; 

Gawthorpe et al., 2018; de Gelder et al., 2019; Fernández-Blanco et al., 2019). With the 

growth of the Derveni and Likoporiá Faults, the WXFB stratigraphy records a history as a 

relatively open rift margin and the transition ultimately to an uplifted fault terrace within the 
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WXFB, minor intra-basinal structures are present (Figure 4-1, Figure 4-2,Figure 4-3), slightly 

oblique to the E-W trend of the West Xylokastro Fault, and aligned to the Likoporiá Fault. This 

obliquity is interpreted to have caused by the continued northward migration of strain onto the 

NNW-SSE oriented Likoporiá 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 Appendix 2) or from 

observation of offset layering in cliff faces, although their lateral continuity carries some 

uncertainty. The faults along the northern coastline are related to the Likoporiá 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 4-2) or host the Late Pleistocene Rhodea Delta in their hanging wall. Zhong et al. 

(2018) propose the existence of N-S oriented transfer faults in the WXFB. However, complete 

stratigraphic continuity is observed and an absence of deformation in the N-S orientated 

perched river valleys that they attribute to such structures. Zhong et al. (2018) identify a 

change in facies across this valley, which is attributed here to stratigraphic architectural 

variation, 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 

(Papanikolaou & Royden, 2007; Skourtsos & Kranis, 2009; Ford et al., 2016; Gawthorpe et 

al., 2018) there is no evidence to suggest reactivation and upward propagation of these 

features in the West Xylokastro area. 

Figure 4-2 (Overleaf): Detailed geological map for the West Xylokastro Fault Block. MT = Marine Terrace, WXF 
= WXF, VRY = Vryssoules Fault. Cross section (Figure 4-3) 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 (Rohais et al, 2008, 
Nixon et al., 2016). AF=Amphithea Fault, KF = Kyllini Fault, MF = Mavro Fault, WXF = WXF, LF = Likoporiá 

Fault, K = Kyllini, M = Mavro, E/I= Evrostini/Ilias. 
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Figure 4-3 : 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 CTS. 
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4.4.2 Depositional Elements 

Given the scale and variability of the study area, depositional elements are used to describe 

the stratigraphy in each stratigraphic unit (Figure 4-4) and are only applied here to deposits in 

the bottomsets and basin-floor of the WXFB. 

 

Figure 4-4 Summary of the depositional elements used to describe the stratigraphy in this chapter. 
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4.4.2.1 DE1 – Mudstones and Marlstones 

Description: 

DE1 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 brachiopods within 

the Evrostini/Ilias delta, mudstones are largely non-fossiliferous. Mudstones can appear in 

several forms: 

1) Massive – absent or with very weak sedimentary layering. 

2) Decametric layered with red horizons – generally comprising massive or mm-

laminated, fissile grey, mud-rich siltstones with 1-5 mm dark brown/red horizons 

spaced every few ~10 cms. 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 sandstones), 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 representing times of reduced 

sediment delivery to the basin, possibly with minor components of hemipelagic 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. 

4.4.2.2 DE2 – Convex-up bodies (CUBs) 

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 4-5). Clast sizes range from small pebbles to boulders, with limestone, chert, 

metamorphic and sedimentary 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 disturbing their otherwise flat bases. The long axes of CUBs are 

parallel to nearby erosional bedforms (e.g. Xelidori Scour, Figure 4-6). The CUBs are 
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recognisable 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 conglomerates. 

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. 

Figure 4-5 (overleaf) A) Overview of the locality of the cliffs behind the village of Mentourgianikia and the 
Xelidori Temple showing the forms of two ‘CUBs’. B) Close up UAV photograph of CUB2 showing the 

development of cross-stratification and stacking onto a heterolithic fringe of CUB1. C) 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. D) Lower hemisphere stereonets showing the agreement of axial trends of CUB1 in agreement 
with the Xelidori Scour/Chute (Figure 4-6e, Chapter 6). 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 4-2) 

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

The stratification in these CUBs supports a composite origin. The poorly sorted, chaotic 

character of conglomerates 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-density turbidites (Lowe, 1982) intercalated with low-

density siltstone and mudstone turbidites. The fringes may be the distal/lateral equivalent of 

the conglomeratic parts of the CUBs representing the transformation of originally 

conglomeratic flow, although outcrop limitation precludes confident bed-scale correlation.  

The CUBs in the Ilias bottomsets are interpreted as coarse-grained base-of-foreset lobes, 

similar to those described as ‘sandy lobes’, ‘fjord bottom splays’, or ‘tongues’ in bathymetric 

datasets of deltaic systems (Prior et al., 1981; Prior & Bornhold, 1988; Postma & Cruickshank, 

1988; Kostaschuk & McCann, 1989). This interpretation is supported by their position downdip 

of conglomerate-filled megascours, and incorporation of large sedimentary intraclasts. 

Disturbed and scoured central 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. Jet-expansion characterises regions where high velocity, laterally confined flows 

rapidly exit and decelerate into almost no lateral confinement with respect to their flow volume 

(Hoyal et al., 2003; Hoyal & Sheets, 2009). Such regions readily occur at the mouths of 

grounding line glacial fan deltas (Lang et al., 2017) but their documentation in the rock record 

and in the deep-water remains elusive. Similar to the observations recorded in and around the 

CUBs, this process has been linked to the deposition of high aspect-ratio convex-up forms, 

with a centrally chaotic, scoured and bypass dominated region, passing out laterally and 

distally into more sustained and well-developed gravity current deposits (Hoyal et al., 2003; 

Hoyal & Sheets, 2009; Lang et al., 2017). This arrangement of deposits, and rapid deceleration 

is increasingly recognized in abrupt base of slope settings (Postma et al., 2020; Pohl et al., 

2020; Chapter 6). 

Figure 4-6 (Overleaf) Lookout point showing the proximal bottomset region in the Mentourgianikia Valley 
showing a variety of depositional elements and unit distinctions (Section 4.4.3). Letter labels refer to the location 
of figures below. B) Interbedded conglomeratic lenses, DE3 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 

(DE8) in the bottomset. This particular example is herein termed the ‘Xelidori Scour/Chute’. 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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4.4.2.3 DE3 – Interbedded conglomeratic lenses 

Description: 

Conglomeratic lenses in the immediate bottomsets of the Ilias delta have a high aspect ratio 

and convex-up morphology (50-200 m long, 0.5-1 m thick) (Figure 4-6b). Conglomeratic 

lenses comprise both matrix- and clast-supported conglomerates, with high concentrations of 

sub-rounded to well-rounded small pebbles to rounded-subangular large cobbles with a poorly 

sorted muddy to coarse sand matrix. 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 deposits. Clasts are 

dominantly limestone, with subordinate chert, metamorphic, sedimentary extraclasts, typical 

of Evrostini/Ilias 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 sandstone form fining up successions. Finer grained 

bedsets thin over conglomerate lenses. Isolated gravel and cobble clasts on bed contacts are 

common in fine-grained bedsets. Convolute bedding and intra-formational northward verging 

thrust faults are common in fine grained bedsets. Locally, muddy-siltstones contain 

disarticulated and broken 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 between debris flows and granular flows (Lowe et al., 

1982; Gobo et al., 2014). 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 extrabasinal clasts at bed contacts (Stevenson et al., 2015). 

The geometry (Figure 4-6b) of conglomeratic lenses is consistent with a barform in the 

immediate bottomset position. Convolute bedding and intraformational faults resulted from 

mass movement of the foreset. 

4.4.2.4 DE4 – Conglomeratic channels and chutes 

Description: 

In depositional strike sections in the immediate bottomset region of the Ilias delta, chaotic 

conglomerate-filled, concave-up lenticular bodies (DE4; 40-90 m wide, 20-35 m thick) (Figure 

4-6) 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 
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clasts range from small pebbles to small boulders. 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 Figure 4-8 and Figure 4-13c) higher 

aspect ratio conglomerate-filled bodies (20-40 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. 

Prior et al., 1981; Kostaschuck & McCann, 1986). They likely formed by erosive flows that left 

behind coarse-grained lag deposits. 

4.4.2.5 DE5 – Sheet-like heterolithics 

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 contain conglomeratic or pebbly sandstone horizons. Gravelly 

sandstones can contain pebble-sized, angular mud-intraclasts at their base, or dispersed 

throughout the bed. Interbedded current ripple-laminated siltstones, normally graded medium 

to very fine sandstones, and deformed mudstones are common. 

Interpretation: 

Sheet-like heterolithics encompass the deposits of high-density, gravelly/pebbly turbidity 

currents, sand-rich transitional and debris flows and the dilute tails of turbidity currents (Lowe 

et al., 1982; Sumner et al., 2009; Cronin, 2018). These deposits are interpreted 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 (Henstra et al., 2016a; Cronin et al., 2018). Conglomeratic layers and the lack of 

clear coarsening- and thickening-upward cycles likely represent fluctuation in sediment flux or 

autogenic variations (MacDonald et al., 2011). 
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4.4.2.6 DE6 – Winged conglomerates 

Description: 

Laterally-extensive conglomerates (Figure 4-7) 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 (Figure 4-7) that can drape and expand from surfaces that overlie 

the margins. Typically, the conglomerates comprise moderately 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 conglomerates is interpreted to be highly 

concentrated (debris) flows (Lowe et al., 1986; Cronin et al., 2018). 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 depositional topography healed. Inclined 

stratification at the lower margins of some these bodies (Figure 4-7) are interpreted as lateral 

accretion surfaces/bars, which occur in combination with overall thickness changes (Kane et 

al., 2009). The environmental setting was dynamic, with abrupt changes between 1-2 m thick 

conglomerates and successions of finer grained intervening deposits representing much lower 

sedimentation rates, interrupted by episodic slump and slide events. 

Figure 4-7 (Next page) Outcrop photopanel and sketch of cliffs to the south of Ligia viewed from the road to 
Pyrgos showing the development of winged, conglomeratic bodies (DE6) with inclined surfaces (right of B log) 

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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4.4.2.7 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 4-8). Typically, the conglomerates are clast-supported, with matrix-

supported portions, containing large pebbles and cobbles and rare small boulders (30-40 cm 

diameter). Conglomeratic sheets appear amalgamated, although locally 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 successions, or thicker (1-

5 m thick) sandstone-dominated heterolithic successions (DE5/DE8) and are commonly 

observed immediately downdip of winged conglomerates. 

Interpretation: 

Conglomeratic sheets are interpreted as the deposits of hyperconcentrated flows and debris 

flows. Typically, they appear as a single discrete deposit, although large-scale inclined 

stratification at the edges suggests some are constructed by multiple depositional phases of 

an individual or multiple flows, which may amalgamated 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 (Haughton et al., 2009; Bozetti et al., 2018). The sheets 

are interpreted as the proximal and axial parts of subaqueous lobes. The spatial transition 

from erosional-based, winged conglomerates into conglomeratic sheets suggests these may 

have formed in localities where flows underwent hydraulic jumps. 

Figure 4-8 (next page) 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 (DE5 and DE8). 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. 
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4.4.2.8 DE7b – Sandstone sheets 

Description: 

Tabular bodies (0.2–0.5m 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 lamination at bed tops, which either grade into convolute laminated mud-rich 

bed caps, or form abrupt grain-size breaks to 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 (DE5). 

Interpretation: 

Sandstone sheets are interpreted as deposits of sand-rich turbidity currents and muddier 

hybrid or transitional flows (Lowe, 1982; Kane et al., 2016; Haughton et al., 2009). 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). 

4.4.2.9 DE8 – Lenticular heterolithics 

Description: 

Sandstone- and gravel-rich successions comprising lenticular bodies, which overlie and are 

cut by scours, forming bedsets 5-10 m thick and 100-300 m metres 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 siltstones, and rare mudstone/marlstone 

units (~1-5 m thick). 

Interpretation: 

DE8 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. 
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4.4.2.10 DE9 – Chaotic and contorted units 

Description: 

DE9 includes a range of highly deformed and laterally extensive 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).  

Interpretation: 

Chaotic and contorted units are interpreted to represent a range of mass transport deposit 

(MTD) depositional processes ranging from large (kilometres wide by 100s of metres 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 remobilisation on adjacent steep slopes. 

4.4.3 Definition of stratigraphic units 

The ~800 m thick West Xylokastro RDF stratigraphy is split informally into a Lower and Upper 

Sub-Formation (Figure 4-2) to separate key areas of exposure constraint and stratigraphic 

differences explained herein. The clast assemblage data support an Ilias (Olvios drainage) 

source area (Rohais et al., 2007a; Gawthorpe et al., 2018). The stratigraphy is further divided 

into 10 units, numbered WX1-WX8, plus the Pyrgos Member and the Likoporiá Slide, using 

regionally correlated stratigraphic surfaces, lithological or architectural differences, and dip 

projection along and between cliff sections (Figure 4-2 

Figure 4-3, Figure 4-9). Structural and stratigraphic mapping (Figure 4-2) shows that some 

units can be mapped from the Ilais delta foresets (Figure 4-10) 8-9 km downdip in a basin-

axial fairway, as defined by palaeocurrent data (Figure 4-9 and Gawthorpe et al., 2018). 

Spatial domains are characterised 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 foresets, ‘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 4-9. A transverse system is also identified (e.g.  

Figure 4-3b), limited to 1–2 km from the immediate West Xylokastro Fault scarp. This system 

is interpreted to be distinct based on: i) northward verging thrust faults and sheath folds within 
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mass transport deposits in this region; ii) minor occurrences of conglomerate assemblages in 

fault-proximal locations unlike Ilias assemblages (i.e. deficient in metamorphic clasts); and iii) 

spatially limited chaotic boulder clast rock-fall type deposits and chaotic/massive mudstones, 

typical of fault-scarp apron systems (Sharp et al., 2000; Strachan et al., 2013; Henstra et al., 

2016a) in the immediate hanging wall area. These are identified on Figures 4-2 and 4-3 as the 

‘Western Transverse System’ (WTS), ‘Central Transverse System’ (CTS), and ‘Likoporiá 

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 are only described in their assistance to the mapping 

of structures and stratigraphy. 
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Figure 4-9 Composite correlation panel cartoon compiled from outcrop observations and projections through the WXFB. Palaeocurrent roselets are generated as a composite of all measurements from data within 300 m of the correlation line. Architectural forms are not 
to scale and are larger for clarity. Correlatable surfaces into the Ilias foresets are labelled. N.B Surface 6 is equivalent with the 13 Surface in Rubi et al. (2018). Average dips are shown by bedding indicators, with N as the top of the figure. 
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Figure 4-10 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. 
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4.4.3.1 WX1 

The base of WX1 does not crop out. Proximally, WX1 typically comprises marlstones (DE1) 

with ~500-700 m wide packages of lenticular heterolithics that are gravel-rich (DE8) and sheet-

like, sand-rich heterolithic deposits (DE5). More distally, WX1 comprises marlstones (DE1) 

with rare sheet-like heterolithic deposits or rare, thin (<1 m) conglomeratic sheets. 

4.4.3.2 WX2 

WX2 can be correlated over ~8 km downdip from the proximal region of the Ilias bottomsets 

(Figure 4-6, Figure 4-9). 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 4-6) 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 

iii) Basal surface of CUBs  

Three km downdip, distinct grain-size and architectural changes mark Surface 2, with large 

incision surfaces that incise into WX1 overlain by WX2 conglomeratic channels/sheets (panels 

E and F in Figure 4-9). Seven kilometres further downdip of the base of the Ilias foreset, 

Surface 2 is not exposed. 

Proximally, WX2 is extremely variable and comprises sheet-like and scoured, sand-rich 

turbidites and gravelly and conglomeratic debrites (DE5 and DE8), convex-up bodies (DE2) 

and minor, conglomerate-filled chutes (DE4). This variability occurs within a ~3 km2 area (~1.5 

km wide and ~2 km long) at the base of foresets, 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 comprises 

conglomeratic and sand-rich sheets (DE7a, b), and sheet-like and complex heterolithics (DE5 

and DE8). 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 degrees (Figure 4-2, Figure 4-9) in response to a minor, intra-basinal fault (Fault 

1, Figure 4-2). 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 4-9). Conglomeratic sheets 

become the main component, comprising at least 15 m of the lower part of the unit (Surface 2 

is poorly defined distally), with the overlying ~10 m marlstone thinning to ~2-4 m. A minor 
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element 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 to the south. The significant proportion of conglomeratic depositional elements are 

restricted to the hanging wall of, and downdip from, an intrabasinal structure, Minor Fault 1 

(Figure 4-2). 

4.4.3.3 WX3 

WX3 is bound at its base by Surface 3, which can be correlated from a 5-15 m deep erosion 

surface, overlain by massive conglomeratic foreset deposits (30-50 m thick) (Appendix 2) to 

an erosive surface overlain by conglomeratic chute-fills in the proximal bottomset (DE4, Figure 

4-6c). 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 (Figure 4-8, Figure 4-9), conformably separates a 

southward thinning WX2, and an overlying southward thickening WX3. 

Typically, WX3 comprises various coarse-grained elements. Proximally, it comprises a 40-50 

m stack of ~15-30 m thick conglomeratic chute-fills (DE4, Figure 4-6a,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 4-7), which overlie and locally incise small slumps (DE9) and 

mudstone/marlstones (DE1). The winged conglomerates abruptly fine 200 m basinward to 

sandstone-rich heterolithics (DE8) with scour-fills separated by minor (1-5 m thick) mudstone 

intervals (DE1). In this region, eastward dips increase in magnitude in response to Minor Fault 

1 (Figure 4-2), before shallowing out where the stratigraphy changes abruptly to winged and 

sheet-like conglomerates (DE6 and 7a), sheet and lensoid heterolithics (DE5), 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). The change 

in slope from Minor Fault 1 may have promoted 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 succession in 

the Stomio cliff faces (Panel F, Figure 4-9). Here, laterally 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 4-9) fine and thin eastward near Skoupeikia/Kalithea 

where WX3 comprises sand-rich sheets (DE7b), lenticular heterolithics (DE8), 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 hanging wall of and downdip from Minor Fault 1 (Figure 4-2). 
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4.4.3.4 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 4-10), 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 

packages (~10-15 m thick), with upward changes of dip direction 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. 

4.4.3.5 WX5 

WX5 is recognised in the Ilias delta foresets conglomeratic and sand-rich foreset deposits that 

downlap onto Surface 5. In the bottomset, this surface correlates with a stratigraphic change 

from WX4 mudstones and marlstones, to conglomeratic and sand-rich WX5, although locally 

this surface is hard to identify due to the variability of WX5. Distally, WX4 tops many cliff 

exposures so Surface 5 is not exposed, with the exception of cliffs near Skoupeikia/Kalithea 

(Figure 4-8b) where Surface 5 is marked by a change from mudstone-dominated WX4 to 

heterolithic WX5. 

At the foreset-bottomset transition, WX5 is a ~15-20 m thick succession of interbedded 

conglomeratic lenses (DE3) and minor heterolithic intervals (DE8) (Figure 4-6a, b). More 

distally, lenticular and sheet-like heterolithics (DE5 and DE8) comprise WX5, although 

exposure is limited. 

4.4.3.6 WX6 

The base of WX6, Surface 6, is marked by an erosion surface in the proximal bottomset 

overlain by an increase in the proportion of conglomerates, and a change in the architectural 

style (Figure 4-10c, d). Packages of conglomerate are more stratified toward the top of WX6, 

and thin toward 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 4-9). Near 

Skoupeikia/Kalithea, WX6 comprises ~3-5 m intervals of gravel or sand-rich heterolithics and 

sheet-like heterolithics (DE5 and DE8) interbedded with 5–10 m intervals of mudstones (DE1). 

4.4.3.7 WX7 

Surface 7 is identified in the proximal bottomsets by underlying truncated steeply dipping 

massive conglomerates, and overlying onlap of massive, stacked conglomerates of WX7 
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(Figure 4-10c). 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 500m wide mass transport deposit (Figure 4-11). This mass transport deposit 

varies from highly chaotic and disaggregated poorly sorted sandy mudstone with up to 2 m 

diameter boulders of conglomerate (Figure 4-11a), through more coherent folded, mud-rich 

stratigraphy with floating boulders, to normal faulted coherent stratigraphy (Figure 4-11 b,c). 

Normal faulted domains are restricted to southern areas, whilst compressional and highly 

disaggregated domains are present at edges and northern domains (Figure 4-11c). This is 

interpreted this to represent a northward transport direction, from collapse of the fault scarp 

apron in the immediate hanging wall of the West Xylokastro Fault. 

WX7 and WX6 mostly comprise sheet-like sandstones and sheet-like and lenticular 

heterolithics. In the southern portion of WX7, it is incised by channels of the Pyrgos Member 

by ~20 m. 
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Figure 4-11 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 A and B highlighting the spatial change in the style of deformation 

within the MTD at the base of WX7.  
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4.4.3.8 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 tabular 

sandstone and mudstone-prone stratigraphy to the east of 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 vegetation 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 4-12). Figure 4-12 shows 

an overview of a terraced olive grove that allows access to the “SKOUP-1” lobe horizon. Finer 

grained deposits mainly comprising homogenous marlstones 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 4-12c) are coarser and dominated 

by amalgamated, gravelly, high-density turbidites, hybrid beds and debris flows (DE7b). 

Similarly in the “SKOUP-0” lobe (Figure 4-12d), tabular, amalgamated sandstone beds form 

packages (DE7b) interbedded with heterolithic intervals, which are0.5-1 m thick (DE5, minor 

DE1). Thicknesses (~2-8 metres), facies and nature of these features (tabular and rare 

thickening and coarsening up successions), are similar to lobe elements identified in the Ross 

Formation, Ireland, by MacDonald et al. (2011). 
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 Figure 4-12 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. C) 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). 
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4.4.3.9 Pyrgos Member 

The proximal Pyrgos Member (Figure 4-2, Figure 4-13a,b), comprises 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 massive, 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 4-13b) near Skoupeikia/Kalithea and Vyiazinika (Figure 

4-2, Figure 4-13c-d) filled with cobble/boulder grade conglomerate deposits from debris flows 

and hyperconcentrated flows. Many of these conglomeratic deposits (e.g. Figure 4-13d) show 

clast long-axis imbrication (Ap/Ai sensu Harms et al. 1975) in coarse sand-gravel matrices or 

have an open framework. Where this is the case, clast orientation can be treated as parallel 

to palaeoflow. Palaeoflow from clast imbrication in these beds (Figure 4-13d, e) is towards the 

NNE which is concomitant with the orientation of the Pyrgos Member and its exposed channel-

fills (Figure 4-13). Clasts in the Pyrgos Member conglomerates comprise limestone, with 

subordinate cherts, sandstones, 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, here it is 

proposed as a distinct mappable unit based on extensive exposures of conglomeratic channel-

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 et al. 2007) as this was 

focussed to the west of the West Xylokastro Fault. The Pyrgos Member may be 

stratigraphically equivalent to WX8 as it erodes into WX7, however poor outcrop continuity 

and an absence of biostratigraphic constraint across the Skoupeikos River valley does not 

permit a direct observable connection over a broad area of no exposure, and so they are 

considered and described separately. It is acknowledged that the Pyrgos Member channel-

fills may well have been a feeder system for WX8. 

Figure 4-13 (Next page):  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. 
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4.4.3.10 Fault-proximal RDF (Western Transverse System and Central Transverse 

System) 

In the western Skoupeikos River valley (Figure 4-2, Figure 4-13b), 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 (Sharp et al., 2000; Lewis et al., 2015) 

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 4-13c). Tallus deposits are interpreted as comprising rockfall breccias and 

mass wasting events related to fault scarp degradation or input from minor, transverse, 

proximal point sources on the uplifting Xylokastro Horst. 

Toward the centre of the fault, the characteristics of the hanging wall transverse fairway are 

notably different from that in the west (Pyrgos Member and WTS). The hanging wall apron is 

more mud-rich and mass-transport dominated, with thinner, less extensive (1-15 m thick, 100-

500 m wide) mass transport deposits (debris flows, slumps, slides) interbedded with the axial 

fairway toward the east, and the development of large, mass transport complexes (e.g. 

Likoporiá Slide) and chaotic mudstone-rich stratigraphy onlapped by undifferentiated, axially 

derived sand-rich stratigraphy (Figure 4-2, 

Figure 4-3b, Figure 4-14). 

4.4.3.11 Likoporiá Slide 

The Likoporiá Slide covers ~4 km2
, with 50-100 m thick thrust sheets and ~300 m high sheath 

folds in the northern portion (Figure 4-14). Thrusts and folds verge N/NE, in keeping with 

transport from the WXF scarp-apron into the main depocentre. The Likoporiá Slide is mud-

dominated, with deformation picked out by sandstone and conglomeratic beds, which highlight 

~100 m amplitude, tight recumbent folds and thrust faults (Figure 4-14b,c). Conglomerates 

show an absence of metamorphic clasts, suggesting that the Likoporiá Slide was sourced from 

the WXF scarp. The thrust sheets at the toe of the Likoporiá slide extend 2.5 km from the 

hanging wall cut-off indicating that the basinward (northern) extent of the central transverse 

fairway/Likoporiá Slide is much greater than in the east. With the exception of the thrusted toe 

of the Likoporiá Slide (Figure 4-14a), the northern part of the Likoporiá Slide is offset by an 

intra-basinal fault (Minor Fault 3, Figure 4-14c), the hanging wall of which hosts the Upper WX 

succession. Several correlative horizons (Numbered 10-45) are present within Upper WX. The 

position of the Likoporiá Slide within the footwall of Minor Fault 3 means it must pre-date WX8, 

however the western edge of the Likoporiá slide is poorly exposed and so accurate 

determination of its timing carries some uncertainty.  
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Figure 4-14 A) The north-eastern toe of the Likoporiá Slide is dominated by several thrust sheets showing 
overturned soft-sediment fault-propagation folds, with its southern-most portion comprising an extensive sheath 

fold. 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 50-100 m. (B1 
uninterpreted, B2 interpreted). C) The Likoporia Slide (left) has a large (>100 m) amplitude sheath fold in the 

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 10-40 m). 
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4.5 Basin Evolution of the WXFB 

4.5.1 Lower WX 

Figure 4-15 summarises the interpretation of the co-evolution of structural and depositional 

elements and their ultimate impact on the palaeogeography of the WXFB. WX1 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 4-15a, Panel E 

in Figure 4-8b, 4-9). Coarser material was restricted to the proximal bottomsets (i.e. thin 

conglomerates of upper WX1 in Figure 4-6d, 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 4-9), 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 hyperconcentrated/debris flows into subsidiary 

depocentres in the hanging wall of minor faults, whereas finer grained turbidity currents could 

deposit across the depocentre, even on intra-basinal highs. 
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Figure 4-15 Summary evolutionary cartoons for the development of the WXFB hanging wall (WXF= West 
Xylokastro Fault, DF = Derveni Fault, LF = Likoporiá Fault 
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In the proximal bottomset, Surface 3 hosts chutes and small channels (Figure 4-6a, c, Figure 

4-15b), whilst is overlain distally by ~5 m fine-grained interval between conglomeratic material 

of WX2 and WX3 near Stomio (Figure 4-9a) and a compensational surface at the lateral and 

distal fringe of WX2 near Skoupeikia/Kalithea (Figure 4-8b). Due to the widespread increase 

in sediment supply to the deep-water, the formation of Surface 3 may be related to a relative 

base level fall (Appendix 2), 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 locations receiving less coarse-grained supply and an increase in mass transport 

deposits (DE9) between 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-conditioning mechanism for failure (Beckers et al., 2018). In 

the WXFB, exposure of parts of the uplifting WXF footwall 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 into the Ilias fan delta with a transgressive surface and associated relative 

highstand portion of the fan delta, WX5, which marks the return of coarse clastic sediment 

supply to the deep-water basin (Figure 4-15c) shown by the downlap of WX5 foresets onto 

WX4 (Figure 4-10). The distal WX4 contains slumps suggesting the maintenance of transverse 

supply. Whilst distinct to WX4, here, it is proposed that the Likoporiá Slide was 

contemporaneous as there appears to be little influence on WX2-3 stratigraphy compared to 

the northward palaeocurrent swing noted in the overlying WX6 (Figure 4-9). However, the 

precise timing of the Likoporia Slide remains uncertain. Base level rise as a trigger for mass-

transport emplacement is well documented in similar systems (e.g. Zitter et al., 2012; Beckers 

et al., 2018), although discriminating this from other allogenic triggers is challenging. 

WX6 is marked by debrites and sand-rich turbidite channel-fills. This lateral variation may 

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 

produced by highly erosive flows downdip of principal fluvial outputs (Figure 4-15d). 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 signal (Jerolmack & Paola, 2010), or reflect 

local, autogenic changes typical of bottomset architectures. Downdip, WX6 shows alternation 
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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 sheets in Figure 4-8b, Figure 4-9). 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 4-15d). The broadening out of the 

depocentre in this region may have promoted these lobe deposits, picked out by the ~1.5 km 

continuous sandstone ridges south of Likoporiá within WX8 (e.g. Figure 4-12a). However, 

variable palaeocurrent orientations (e.g. Figure 4-9) may indicate significant local variation 

and/or confinement from intra-basinal variation (Ge et al., 2017, 2018). These show focussing 

within the broad depositional low into the hanging wall 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 represents the last deep-water stratigraphy 

seen in the area prior to uplift to the present day configuration (Figure 4-15e).  

4.5.2 Comparison with previous studies 

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 uncertain, and so 

has given rise to a number of models (Rohais et al., 2008; Gobo et al., 2014a,b; 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 stratigraphically 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, possibly 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. I fail to see how this 

transgression can only be limited to this portion given the truncated and downlapping 

relationship underneath (either side of Surface 4 in this 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 models. 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 bottomset transition by conglomeratic deposits between Surface 6 and 6.1 in 

our scheme (Figure 4-10c), which is correlated here to conglomerate-rich deposits of similar 
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thickness downdip 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. There is no reason to invoke this, as 

the observations here demonstrate a consistently conglomerate-rich WX6 unit that thins up 

onto, but is largely conformable with, the foreset (Figure 4-10d). Onlaps are only observed 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 WX5) are in accordance with the observations and interpretations of Gobo et al. 

(2014 a,b) of high-frequency changes within the base-level variability. At the larger scale, 

Rohais & Moretti (2017) and Zhong et al., (2018) have considered the broader context of the 

West Xylokastro stratigraphy. There is no evidence to support the existence or influence of 

north-south transfer faults interpreted in Zhong et al. (2018). However, it is agreed that the 

Ilias delta and the bottomset region are dissected by a number of minor faults that likely 

strongly impacted depositional fairways producing a dominant eastward axial fairway (sensu. 

Rohais et al. 2007a, b, 2008). Contrary to Rohais & Moretti (2017), the West Xylokastro 

hanging wall fill is not interpreted as representing a single, fault proximal, asymmetrical 

channel complex with a northern asymmetrical 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 comprising sheet-like channelised lobes and MTDs. 
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4.6 Discussion 

4.6.1 The role of intrabasinal structures on deep-water syn-rift sedimentation 

Intra-basinal faults (Figure 4-2, Figure 4-16) 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. Figure 4-15, 

Figure 4-16a). For example, WX8 exposures sit within the subsidiary depocentre generated 

by Minor Fault 3, which was active at this time (Figure 4-15d). This topographic variability on 

the basin floor can influence sediment dispersal patterns. For example, above the footwall of 

Minor Fault 1 the WX2/WX3 units are dominated by finer grained, sand-rich turbidites (DE5, 

DE7b, DE8) and comprise coarse grained facies (i.e. DE7a conglomeratic sheets) in its 

hanging wall indicating its control on flows during deposition. Further to the south of this 

structure, tabular conglomerates are present at similar stratigraphic levels. Higher 

concentration laminar flows, such as conglomeratic sheet forming debris flows, are ground 

hugging and focussed into topographic lows, whereas dilute turbidity currents can deposit on 

topographic highs (Figure 4-16b, c). Similar topographic effects on gravity currents have been 

described from outcrop (Bakke et al., 2013) and from observations in numerical models (Al 

Ja’aidi et al., 2000, 2004; Athmer et al., 2010; Ge et al., 2017, 2018). The height which a given 

gravity current can surmount is often referred to as the ‘run-up height’, H, which in some cases 

has been related to flow thickness, h, (H = 4-5*h – Lane-Serff et al. (1995), or 2.5 times body 

thickness - Rottmann et al. (1985), or 1.5 times the head height - Muck & Underwood (1990)). 

However, Kneller & McCaffrey (1999) highlight that such estimates of run-up height become 

unrepresentative where flows are stratified, and run-up height will be impacted by the velocity 

and density profiles of a given flow (cf. Straub et al., 2008 which assumes a ‘bulk’ flow density). 

Further complications in precise run-up height estimations occur where processes are 

temporally and spatially heterogenous, as would be expected in polydisperse gravity flows, 

are demonstrated in the variety of topographic effects seen in Soutter et al. (2019). The 

incidence angle of flows with respect to an intra-basinal structure also influence where the 

coarsest/ground-hugging flows are routed (Figure 4-15a,b, Figure 4-16b, Soutter et al., 2019). 

River avulsions on the delta or sourcing of flows along a multi-point apron may route flows 

away from the hanging wall of intra-basinal structures, which can explain the fluctuations 

between conglomerates to sand-rich stratigraphy within WX3 in the hanging wall of Minor Fault 

1. Alternatively, this variation is attributable to high-order sediment supply fluctuations 

triggered by changes in climate and/or seasonality (Collier et al., 2000; Armitage et al., 2011). 

The complexity from such a topographically 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 
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variations without considering the entire lateral extent of a stratigraphic unit. Figure 4-16B, 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 channelisation 

in areas of pre-existing confinement (e.g. syncline developed between the hanging wall apron 

and the footwall dip-slope of Minor Fault 1). This proximity of channels to the immediate 

hanging wall is observed in similar systems attributed to hanging wall monoclines/synclines 

(Kane et al., 2009, 2010). The confinement could be generated by a combination of fault-

related topography and the topography of a transverse apron. 
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Figure 4-16 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 channelisation between the fault scarp apron and the axial system. Intra-basinal relays 

influence channel pathways.  
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4.6.2 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 provides a mudstone-rich 10-30 m thick interval that is traceable 

throughout the study area. In the Ilias fan delta, WX4 correlates to finer grained deposits, with 

a geometry indicative of transgression of the delta (Figure 10). Given its extent, WX4 is 

proposed 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 deepening. However distinguishing these 

from eustatic base-level rise alone is challenging without robust chronostratigraphy (Dorsey 

et al., 1997; Young et al., 2002; Strachan et al., 2013; Henstra et al., 2016a). The WX4 

transgression was outpaced during the following highstand by progradation of WX5 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 or increased 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 proximal bottomsets, regressive surfaces show substantial variability 

over 1-2 km2. The variability described over ~500 m in Surface 2 from a composite bypass 

surface with lithological similarity to the basal surface of conglomeratic CUBs highlights that 

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 (Hodgson et al., 2016; Barrett et al., 2018), 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 conglomeratic 

chute-fills. However, downdip, near Stomio (Figure 4-2, Figure 4-8a), in the hanging wall 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) before returning to conglomerate-rich 

sheets and lenticular heterolithics. 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, representing a temporary starvation of sediment to the Minor Fault 1 hanging wall. To 

the south, at the eastern edge of the footwall dip slope of Minor Fault 1, are tabular WX3 
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conglomerates (Figure 4-13D). This temporary starvation and change in character 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 and/or mass-transport deposits cause rerouting of flows. Complex fairway 

topography promotes the possibilities of ponding, sediment storage or non-deposition along 

the depositional pathway which can ‘shred’, enhance or dampen updip stratigraphic signals 

(Jerolmack and Paola, 2010; Forzoni et al., 2014). This leads to stratigraphic surfaces that 

may exhibit characters atypical of the 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 segment can produce notably different 

stratigraphic architectures and responses (Gawthorpe et al., 1994; Barrett et al., 2018, 2019a). 

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 therefore lie in whether the system is accommodation 

(in-situ) or supply (Gilbert-delta) dominated at a given time or location (Burgess et al., 1998; 

Carvajal & Steel, 2006; Zhang et al., 2019). Zhang et al. (2019) infer that this is principally 

reliant on shelf width 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-dominated 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 accompanied by high supply due to young, steep drainages from 

rapidly uplifting 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). The most limited delivery of coarse material 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) according to 

drainage evolution could end delivery to the deep-water.   
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4.6.3 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 deposits coeval with much of the Lower WX dominate the central 

part of the transverse system. Slumps and debrites up to ~2-3 km from the fault scarp have 

limited lateral extents and thicknesses (typically <500 m wide and <10 m thick), whereas very 

large, multi-kilometric slides (e.g. Likoporiá 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 4-7), 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 (Gawthorpe 

& Leeder, 2000; Haughton et al., 2000; Athmer et al., 2010; Jackson et al., 2012; Ge et al., 

2017, 2018). Jackson et al. (2012) proposed forelimbs of fault-related monoclines offset axial 

deep-water systems from being proximal to fault, with surface breaking faults allowing axial 

systems to run parallel to and deposit in the immediate hanging wall. Similarly, where a 

transverse input is also operating, this acts to offset the axial system from the fault scarp. The 

most noteable expression of this being the Likoporiá Slide, which imparted at least 3 km of 

northward shift to the axial system. Recognising 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 4-17A). Whilst early 

fault growth (Figure 4-17AA, AB) does not produce a large scarp, instabilities on the front of 

the monocline can trigger large, rotational slides forcing axial systems substantially outboard 

of the fault location. Local denudation of the structural high may occur where relative base-

level fall results in sub-aerial exposure (Figure 4-17AB, AD, and AF). 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 hanging wall dipslope uptowards the footwall 

crest of the next basinward fault or further into an open margin (Figure 4-17-AE). 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, e.g. Brae systems of the South Viking Graben 

(Turner & Allen, 1991, Turner et al., 2018), modern and Pleistocene western Gulf of Corinth 

(Dart et al., 1994; Ford et al., 2007; Backert et al., 2010; Ford et al., 2016; Beckers et al., 
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2018). Conversely, if a drainage reversal 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 4-17 (next page): A) Endmember models for mixed-input deep-water syn-rift deposition in half-graben 
settings. ZFR = Zone of fairway restriction, with arrow showing expansion resulting from filling of space by axial 

system at a rate greater than sedimentation in the transverse system. B) Example temporal model for half-
grabens transitioning from rift border margin setting to fault terrace settings. C) Summary viewpoint from Pyrgos 
Hill into the West Xylokastro Fault Block highlighting the extent of the axial system and interaction with the more 

limited transverse system and styles of interaction seen in 17a,b. 



2020 Chapter Four – Multi-input syn-rift fault terraces 114 

 



2020 Chapter Four – Multi-input syn-rift fault terraces 115 

Figure 4-17a highlights a continuum of scenarios that could be present in space along a fault 

segment (e.g. Hodgson and Haughton, 2004) or through the progressive evolution of a fault 

block. Figure 4-17b shows an approximate temporal evolution where a monocline-driven mass 

transport dominated apron can initially dominate the immediate hanging wall followed 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 operate 

in- or out-of-phase. Fault-scarp apron supply has been linked to fault activity, with 

accommodation increase accompanied by chaotic degradation of fault scarps and 

sedimentation in transverse aprons (Leppard & Gawthorpe, 2006; Strachan et al., 2013; 

Henstra et al., 2016a). Fault activity and subsidence may lead to relative base-level increases 

throughout the hanging wall, including fault tip deltas (Collier & Gawthorpe, 1995; Gawthorpe 

& Leeder, 2000; Barrett et al., 2019a). 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 Likoporiá 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 rearrangement (Beckers et al., 2018). In the WXFB, the size, spatial 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 

stratigraphy. 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 Figure 4-8, Figure 4-9) 

during coarse-grained delivery to the deep-water basin (Figure 4-9). 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 (McNeil et 

al., 2007; Ford et al., 2016; Beckers et al., 2018). Consequently, as with many MTDs, 

interpretation of their individual triggers 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.  
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Given the interplay of multiple systems in variable rift depocentres, 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-basins or input systems (e.g. 

eustasy). Local or restricted variations 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 possible, linking of disconnected 

architectures/sub-basins. Whilst key stratal surfaces and intervals can provide correlative 

units, the aforementioned variability of these seen in the WXFB 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 character 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; Ravnås & Steel, 1998) and confirms the need to consider, 

where possible, the entire evolution of various allogenic influences upon a given system. 
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4.7 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 stratigraphic framework generated permits the 

variability in stratigraphic 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 systems. 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 

morphologies. The transverse system is largely dominated by variably extensive slumps and 

slides, which significantly restrict or divert the axial system away from the immediate hanging 

wall, 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 distributions 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, allogenic 

changes (e.g. eustasy, sediment supply) and contemporaneous 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-systems, where possible, in the context of their 

own evolution as existing simple conceptual models over-emphasise a dominant 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 complexity, reflecting multiple input points, dynamic seabed 

topography, and restricted, high sediment supply systems, emphasises the requirement for 

models that consider all the factors influencing the variability of the basin fill. Structural and 

drainage evolution, depositional processes and base-level variation all show substantial short-

scale spatial and temporal variability in deep-water rift settings, and can often influence each 

other and as such, their interactions should be readily incorporated into understanding such 

systems
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The timing and character of siliciclastic sediment delivered to deep-water environments in active rift 

basins is governed by complicated interactions of tectonics, climate, eustasy, and shelf process regime. 

The stratigraphic archives of deep-water syn-rift basin-fills provide records of palaeoenvironmental 

changes (e.g. climate and vegetation) in onshore catchments, particularly where they are connected by 

narrow shelves. However, a chronostratigraphically constrained record of climatic fluctuations, and 

process responses in the hinterland source recorded in deep-water deposits, is rare. Here, a fully cored 

research borehole is integrated with outcrop exposures of deep-water syn-rift stratigraphy to reconstruct 

palaeoenvironmental change within the West Xylokastro Fault Block in the Corinth Rift, Greece. 

Palaeomagnetic and palynological analyses generated a framework which provides chronostratigraphic 

and palaeoenvironmental context to stratigraphic variability encountered in outcrop and in the borehole. 

Results show the studied succession was deposited from ~1.1 to 0.6 Ma during the Early Pleistocene, 

with ~41 kyr frequency base-level fluctuations found to be largely coherent with vegetation changes 

within catchments of the Corinth Rift. Conglomeratic grade sediment is delivered to the deep-water 

during severe interglacial highstands and during base-level falls, coincident with sparse forest cover 

and large winter storms. Periods of limited coarse-grained supply to the deep-water coincide with middle 

to late stages of major transgressions accompanied by substantial warming and increased forest cover. 

Vegetation changes are highlighted as an important control on sediment flux from onshore drainage 

basins, which can be recorded in deep-water syn-rift successions.  

Cover image: Satellite imagery (Google Earth/Copernicus) of the West Xylokastro Fault with sediment plumes from 

rivers (Fonissa and Sythas) after large storms in November 2016. 

Chapter Five 

Deep-water stratigraphy as archives of palaeoenvironmental 

controls on sediment delivery to deep-water syn-rift systems 

5 
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Chapter 5 – Deep-water stratigraphy as archives of 

palaeoenvironmental controls on sediment delivery to deep-water 

syn-rift systems 

5.1 Introduction 

Deep-water syn-rift systems are highly dynamic settings, which can be subject to high rates 

of sediment supply and accommodation generation on account of fault-related drainage basin 

reorganisation, steep gradients, short transport distances and multiple input systems 

(Gawthorpe et al., 1994; Hadler-Jacobsen et al., 2005; Pechlivanidou et al., 2019). Deep-

water syn-rift systems are often directly linked to terrestrial drainage because of their 

physiography with steep, small drainage networks and limited or absent shelves (Gawthorpe 

et al., 1994; Nelson et al., 2009; Covault & Graham, 2010; Armitage et al., 2013). This linkage 

means that the timing of greatest sediment supply to the deep-water does not necessarily 

follow the ‘classical’ lowstand or falling base-level models (Posamentier & Vail, 1988; Hadler-

Jacobsen et al., 2005; Nelson et al., 2009; Strachan et al., 2013; Watkins et al., 2018; Zhang 

et al., 2019a,b), and that the shelf process regime is less influential (e.g. Dixon et al., 2012; 

Cosgrove et al., 2018). Consequently, changes in sediment flux from the drainage basin 

should have direct implications for deep-water sediment delivery (Collier et al., 2000; Blum & 

Hattier-Womack, 2009; Armitage et al., 2011; Watkins et al., 2018).  Although changes in 

sedimentation rate in deep-water syn-rift depositional systems are recognised (Guiterrez-

Pastor et al., 2009; Nelson et al., 2009; Pechlivanidou et al., 2018; McNeil et al., 2019a), the 

interplay of external factors that control changes in sediment flux are seldom well constrained. 

Changes in climate is a fundamental control on sediment flux from drainage catchments, either 

through changes in precipitation patterns or magnitude, or concomitant changes in sediment 

trapping by closed, forest vegetation (Leeder et al., 1998; Collier et al., 2000; Bogaart et al., 

2002). However, the extent to which onshore climate change is recorded in deep-water 

stratigraphy, modified by sediment transport processes or buffered by up-dip storage is 

variable (Jerolmack & Paola, 2010; Simpson & Castellort, 2012; Armitage et al., 2013; Watkins 

et al., 2018). The growth and death of extensional faults can additionally impact sediment 

routing patterns, and either inhibit or promote siliciclastic delivery to the deep-water (Gupta et 

al., 1999; Nelson et al., 2009; Gawthorpe et al., 2018; Pechlivanidou et al., 2019). Typically, 

tectonic changes operate on 105 - 106 yr timescales (e.g. Allen et al., 2008; Romans et al., 

2016, Gawthorpe et al., 2018), whereas climatic variability is identified on higher order, 104 - 

105 yr timescales (e.g. Collier et al., 2000; Nelson et al., 2009; Allen et al., 2008; Blum & 

Hattier-Womack, 2009; Watkins et al., 2018). Therefore, there is overlap in the timescales for 
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these controls, which makes identification of their influence on deep-water stratigraphy 

challenging (Allen et al., 2008; Whittaker et al., 2010, 2011; Romans et al., 2016). 

Climate-driven changes in sediment flux can impart a major control on the grain size, and the 

extent and duration of sediment delivery to deeper syn-rift basins (Leeder et al., 1998; Collier 

et al., 2000; Blum & Hattier-Womack, 2009; Kneller et al., 2009; Nelson et al., 2009; Bourget 

et al., 2010a,b; Armitage et al., 2011; Watkins et al., 2018, McNeil et al., 2019a). However, 

the dynamic response (duration, sensitivities etc.) of catchments to climatic (or glacio-eustatic) 

change is poorly understood (Cordier et al., 2017). Previous studies have aimed to clarify 

these responses in rift basins through climatic modelling (Leeder et al., 1998; Armitage et al., 

2011, 2013), quantifying denudation and offshore sediment volumes (Collier et al. 2000; 

Watkins et al., 2018), and drainage modelling (Pechlivanidou et al., 2019). However, given the 

diverse climatic regimes and drainage basin configurations in rift catchments, the mechanisms 

for providing variability in sediment production and carrying capacity are broad. Most studies 

typically consider either a single catchment and directly connected alluvial fan (e.g. Armitage 

et al., 2011) or consider the entire rift scale (e.g. Pechlivanidou et al., 2018), with 

comparatively few studies focusing on supply changes from a catchment through temporary 

storage or shedding zones into the deep-water (e.g. Watkins et al., 2020). The role of 

vegetation and climatic change in hinterland catchments upon the supply signal for deep-water 

portions of rift basins is therefore poorly understood. For example, increased precipitation 

(Collier et al., 2000, Watkins et al., 2018) or increased freeze-thaw weathering (Hughes et al., 

2007) in mountainous regions act to increase sediment production and discharge, but may be 

modulated by the ability for catchment vegetation to ‘trap’ sediment within the catchment, even 

during times of high run-off or discharge (Bosch & Hewlett, 1982; Leeder et al., 1998; Harvey 

et al., 1999; Istanbulluoglu & Bras, 2005; Cheng et al., 2017; Watkins et al., 2018).  

Here, exposures and a fully cored, onshore research borehole are studied to identify the 

palaeoenvironmental controls in an exhumed, Pleistocene, deep-water system, in the West 

Xylokastro Fault Block (WXFB) of the Corinth Rift, Greece. Climatic fluctuations in the Corinth 

Rift through the Pleistocene and Holocene are well documented (Collier et al., 2000; Watkins 

et al., 2018; Barrett et al., 2019; McNeil et al., 2019a), although contrasting interpretations of 

glacial- (Collier et al., 2000) or interglacial-dominated (Watkins et al., 2018) sediment supply 

to the deep-water have been suggested. Stratigraphic correlations (Cullen et al., 2019) permit 

the architectures observed in the up-dip, delta feeder system to be tied to palaeoenvironmental 

proxies observed in the deep-water stratigraphy. An age model is generated through 

palaeomagnetic and tectonostratigraphic principles, with the palynological record of the deep 

water stratigraphy of the West Xylokastro Fault Block. This is compared with other Corinthian 

and Mediterranean climatic records and depositional responses to test the reliability of the 
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deep-water stratigraphic successions as records for Quaternary environmental change and 

investigate the response of the deep-water syn-rift systems to Quaternary climatic and 

vegetation variability on 104 - 105 yr timescales.   
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5.2 Geological Setting 

  

Figure 5-1 A) Geological location map for the West Xylokastro Fault Block modified from Chapter 4 to highlight 
the location of the G4 borehole, and outcrop model used in this study. Coordinates are UTM (in metres) for zone 
34N. MT = Marine Terrace, WXF = West Xylokastro Fault, VRY = Vrysoulles Fault.  B) Location of the study area 
within the Gulf of Corinth, Central Greece highlighting the extent and location of the Olvios catchment, which fed 

the Ilias delta (after Gawthorpe et al., 2018). Red Box indicates the location of the map in A. Offshore fault 
locations compiled from Nixon et al. (2016). 
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The Gulf of Corinth is an E-W-striking active rift basin that was initiated at ~5 Ma in response 

to NE-SW extension associated with the subduction and roll-back of the African plate beneath 

the European and Anatolian plates (Doutsos & Poulimenos, 1992; Collier & Dart, 1991; Armijo 

et al., 1996; Leeder et al., 2003; McNeil et al., 2005b; Bell et al., 2009; Skourtsos & Kranis, 

2009; Taylor et al., 2011; Beckers et al., 2015; Nixon et al., 2016). The rift cuts obliquely across 

the Hellenides belt. In the study area the uppermost pre-rift crust is represented by a ~1.3 km 

thick succession of Mesozoic carbonates and Cenozoic flysch arranged in ~N-S-striking, west-

verging thrust sheets (Skourtsos & Kranis, 2009; Ford et al., 2013; Skourtsos et al., 2016; 

Gawthorpe et al., 2018). Gawthorpe et al. (2018) subdivided the syn-rift stratigraphy into two 

main phases: i) Rift 1 comprising dispersed depocentres filled by early syn-rift alluvial and 

fluvial deposits, with a younger Gilbert-type fan delta and deep-water component; ii) Rift 2, 

which comprises localised depocentres with Gilbert-type fan deltas and associated deep-

water deposits. The Rethi-Dendro Formation (RDF) of the Rift 2 phase is exposed in the West 

Xylokastro Fault Block (WXFB) on the southern margin of the Gulf of Corinth (Figure 5-1). The 

WXFB is a ~12 km long, 6 - 8 km wide fault terrace bound by the E-W-trending West Xylokastro 

Fault to the south, and the E-W Derveni and NW-SE-trending Likoporia Faults to the north. 

The RDF in the study area comprises an axial, delta-derived system, and a transverse fault 

scarp apron system (Gawthorpe et al., 2018; Cullen et al., 2019). Palaeocurrents and the 

inclusion of metamorphic clasts indicate the main source of sediment input is from the Ilias 

delta fed by the Olvios drainage catchment (Rohais et al., 2007a; Gobo et al., 2014; Rubi et 

al., 2018; Gawthorpe et al., 2018; Cullen et al., 2019). Early-Mid Pleistocene 

palaeogeographies of the Olvios catchment indicate approximately 1600 m of elevation 

difference from the uppermost hinterland of Mavron Oros to the topsets of the Ilias fan delta 

over a distance of ~15 - 18 km (Gawthorpe et al., 2018, de Gelder et al., 2019). In the western 

part of the hanging wall of the West Xylokastro Fault, the axial depositional system is mapped 

as the downdip equivalent of the Ilias fan delta (Rohais et al., 2007a,b; Gobo et al., 2014, 

2015; Rohais & Moretti, 2017; Rubi et al., 2018; Zhong et al., 2019; Cullen et al, 2019). An 

age of ~1.5 - 0.7 Ma is derived for the RDF in this region but is poorly constrained due to the 

limited biostratigraphical resolution (Ford et al., 2016; Gawthorpe et al., 2018).  

Ilias fan delta foreset heights indicate that water-depth at the western end of the WXFB was 

>300 - 400 m increasing up to ~500 - 600 m in the centre of the fault segment demonstrated 

through the elevation difference in time equivalent stratigraphy, and extrapolated 

sedimentation rates and times of abandonment (Rohais et al., 2007; Gobo et al., 2014,2015; 

Ford et al., 2016; Gawthorpe et al., 2018; Rubi et al., 2018; Zhong et al., 2018; Cullen et al., 

2019). Topset radii of the Ilias fan delta are difficult to constrain due to faulted stratigraphy, 

and later erosion but were likely less than ~ 3.5 km (Rohais et al., 2007a,b,2008; Rubi et al., 



2020 Chapter Five – Palaeoenvironmental Controls 124 

2018; Zhong et al., 2018; Cullen et al., 2019), similar to modern fan deltas along the southern 

shoreline. Identification of key stratigraphic surfaces permit the generation of a stratigraphic 

framework subdivided into the Lower WX and the Upper WX (Figure 5-1) with focus in this 

study, on the Lower WX, itself subdivided into WX1-WX7 (Figure 5-1, 2, 3, 4, Chapter 4/Cullen 

et al., 2019). The G4 borehole (Figure 5-1, Figure 5-2), drilled in January 2018 as part of the 

Syn-Rift Systems project, is situated within the basin-floor domain, 3 km from the West 

Xylokastro Fault and ~6 km downdip of the Ilias fan delta. The borehole intersects 172 m of 

RDF stratigraphy, mostly of the axial depositional system in the hanging wall of the West 

Xylokastro Fault, This records sandstone- and conglomerate-rich sheet and lobate deposits 

overlain by mass-transport deposits and channelised conglomerates, separated by both 

laterally extensive and more localised mudstone units in the vicinity of the G4 borehole. 
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Figure 5-2 Summary stratigraphic correlation modified from Chapter 4 highlighting the project of the G4 borehole to the correlation of the axial system and outcrop 
palaeomagnetic sample stratigraphic locations (black squares).
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5.3 Methodology 

5.3.1 Outcrop and core sedimentology 

This study integrates the fully cored 172 m long G4 research borehole with sedimentary core 

and outcrop logging and digital outcrop models. 87 % of the core showed good or excellent 

recovery. The stratigraphy for the West Xylokastro Fault Block RDF was developed through 

conventional stratigraphic and structural mapping supported by digital outcrop models outlined 

in Chapter 4/Cullen et al. (2019). The G4 borehole core located near Skoupeikia (Figure 5-1) 

was logged at a coarse 1:50 scale in Greece prior to splitting and the collection of palynological 

and palaeomagnetic samples from the core (Section 3.3 and 3.4). The core was then logged 

at greater detail (1:10 – Appendix 6) to provide detailed sedimentological record to aid with 

the positioning of stratigraphic horizons within the core and compliment the 

palaeoenvironmental and chronostratigraphic analysis.  

5.3.2 Digital outcrops 

Digital outcrop models were generated using DJI Mavic Pro and DJI Phantom 3 UAVs, with 

photogrammetric models built using Agisoft Photoscan Pro. Multiple orthogonal and oblique 

photographs were used to maximise coverage and resolution of the model. The inaccessibility 

of much of the outcrop meant that ground-control points were not available but consistency 

within the model was checked through control points compared against topographic maps of 

the outcrop area. Field-based stratigraphic correlations (Cullen et al., 2019) were mapped in 

the model as horizons. The 3D nature of the exposure permits confident dip projections of 

surfaces to the wellbore, initially as an unconstrained dip projection, then constrained by “well-

top” information from core logging (Appendix 2). 

5.3.3 Palaeomagnetic analysis 

Seventeen samples were collected for palaeomagnetic analysis, preferentially from 

mudstones approximately every 20 m +/- 1 m in the core and, where available, from outcrops 

(Appendix 3 ,4). Samples were cut into 2x2x2 cm cubes marked with a way up indicator from 

the vertical well, or vertically aligned way-up arrows from outcrop samples, where bedding 

never exceeded a dip of 20°. The samples were then subject to alternating field (AF) 

demagnetisation with an AGICO LDA5 AF demagnetiser using 12-14 AF increments from 5 to 

120 mT. Natural remnant magnetization and remanence after each demagnetisation step 

were measured with an AGICO JR5 spinner magnetometer at the PUMA Rock Magnetic 

laboratory of the University of Birmingham by Marco Maffione. Demagnetization data were 

plotted on orthogonal (Zijderveld) diagrams, and the remanence components were calculated 

through principal component analysis (Kirschvink, 1980) using online software 
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paleomagnetism.org (Koymans et al., 2016) (Appendix 4). Sample depths and locations are 

summarised in Figure 5-2 and Figure 5-3 and Appendix 3 and 5. Magnetochrons reconstructed 

from this analysis were then framed within the Geomagnetic Polarity Time Scale (Cande & 

Kent, 1995; Cohen & Gibbard, 2016) allowing portions of the stratigraphy to be 

chronostratigraphically dated. 

5.3.4 Palynology 

Core palynology samples were collected roughly every 10 m with slight deviations to sample 

mudstones in order to achieve the greatest likelihood of the preservation of undamaged 

organic material (sensu Paropkari et al., 1992). Samples were prepared using the method of 

Vidal (1988). Samples were dried at 50° C, weighed once cooled, then crushed and placed 

into a 1 l tri-pour beaker with a Lycopodium tablet and a minor amount of distilled water to 

cover the sample. 20% hydrochloric acid (HCl) was then added until the reaction had ceased 

and was topped up with water and left to settle for at least 12 hours. The supernatant liquid 

was then sieved through a 10 µm cloth sieve and returned to the beaker. 50 ml of 40 % 

hydrofluoric acid (HF) was then added and stirred and then left for 48 hours, stirring 

occasionally. This was then neutralised by topping up and sieving with water prior to 

simmering in 20 % hydrochloric acid to remove precipitates. This solution was then re-sieved 

with distilled water to bring to neutral. The resulting residue was examined under the 

microscope to ensure all precipitates had been removed. Where precipitates remained, HCl 

or HF stages were repeated until all precipitates were removed. The residue was mounted on 

slides in glycerine jelly. 

Counts were then taken for 20 samples of pollen, dinoflagellates and other sedimentary 

organic matter using a Leica DM500 light microscope at 400 - 630x magnification. Pollen 

grains and dinoflagellate cysts were compared to identification keys: in particular Chester & 

Raine (2001) for Quaternary deposits in the northern Pindos Mountains of Greece, and Beug 

(2015) and Mudie et al. (2017) for dinoflagellate cysts in the Black Sea Corridor. All types of 

non-palynomorph organic matter were counted to a minimum of 300 (classified sensu. 

McArthur et al., 2016b,c and shown in Figure 5-8). Organic matter counts are grouped into 

three-broad categories; Amorphous Organic Matter (AOM)l; Non-Terrestrial Palynomorphs 

(NTP) which comprises marine algae, acritarchs and zoomorphs (foraminiferal test linings 

etc.); and Terrestrial Palynomorphs (TP) comprising freshwater algae, cuticle and 

unstructured phytoclasts, resin, degraded wood, dark structureless organic matter and bladed 

and equant organic debris (sensu. Tyson, 1996 McArthur et al., 2016b,c). Pollen and 

dinoflagellates are also counted to achieve a count of 300 pollen grains (Appendix 5). Fern 

and fungal spores are not included in the overall pollen sum due to their variable preservation. 

Dinoflagellate counts vary considerably so a minimum count criteria for some samples cannot 
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be met with a mean count of 34 (varying from 1 to 212). For both pollen and dinoflagellates, 

relative abundances (Appendix 5) were calculated using the Lycopodium exotic marker 

method (Equation (1)) established by Benninghoff (1962) and Stockmarr (1971) and 

summarised in Mertens et al. (2012b) and Nguyen et al. (2013): 

 𝑐  
𝑑  ∙  𝐿  ∙  𝑡
𝐿  ∙  𝑤

 (1) 

Where, 

c – concentration (abundance) – grains/gram 

dc – raw count of pollen grains (or dinoflagellate cysts) 

Lt – number of Lycopodium spores per tablet (9666 as per batch No 3862 made by the 

University of Lund) 

t – number of tablets added to the sample 

Lc – number of counted Lycopodium spores 

w – weight of dried sediment in sample (g) 

Pollen percentages presented within Figure 5-10 are calculated relative to the entire pollen 

sum excluding Pinaceae which are likely over-represented due to their long-distance transport 

(sensu. Szczepanek et al., 2017). Four samples were deemed barren for pollen, 

dinoflagellates and spores, with an additional sample showing a very low count and poor 

preservation of material (Appendix 5). The average abundance for all pollen was 577.9 

grains/gram of sediment (Appendix 5) ranging from 2294 grains/gram to 65.9 grains/gram for 

countable samples; barren samples showed between 0 - 20.7 grains/gram. 

Ecological groupings are highlighted in Figure 5-10 and are a simplification from those in 

Joannin et al. (2007) to allow for cross-comparison between age-equivalent pollen records. 

Most grains are only consistently distinguishable to Family or Genus level. Where species can 

be identified within a family, they are treated separately from other non-differentiated Genus 

or Family level counts (e.g. Quercus ilex vs Quercus sp.). As in Joannin et al. (2007) Quercus 

ilex type, Phillyrea and undifferentiated Oleaceae/Olea are treated separately from deciduous 

trees/mesothermic elements due to their local importance. Phragmities sp. are distinguished 

from the Poaceae family on account of their typically smaller size than other Poaceae grains 

(<27 μm, Chester & Raine ,2001) and given their potential importance in highlighting 

semiaquatic grass populations. It is acknowledged that local or seasonal variability may 

produce unavoidable false positive identification of Phragmities sp. in this case, but the 

relatively minor occurrences of Phragmites sp. and highly abundant Poaceae means the 

impact of this on the total “Grasses” population percentage is relatively minor. 
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Figure 5-3 A) The Skoupeikia digital outcrop model with the projection and measurement of unit thicknesses in to the G4 borehole (Figure 5-4). Bracketed numbers indicate minimum 
thickness at digital log locations where a unit is constrained by the base or top of the exposure. * and ** indicate thicknesses which are projected from downdip digital logs 150 m 
away in the Skoupeikia North Face. B) Outcrop photograph of the face in A, highlighting stratigraphic architectures and exposure of G4 stratigraphy nearby. C) Summary of the 
stratigraphic position of samples within, and outboard of the well stratigraphy along with unit projections. The channel body and MTD are considered within WX7.



2020 Chapter Five – Palaeoenvironmental Controls 130 

5.4 Stratigraphy 

The Ilias fan delta is grouped into seven units, bounded by key stratal surfaces that are traced 

from within the delta foresets, over 8 km downdip into the deep-water setting represented at 

the G4 borehole (Cullen et al., 2019). The most landward exposed expression of these 

surfaces is in the foresets of the Ilias fan delta. The topset-foreset transitions of the Ilias fan 

delta are seldom preserved due to modern erosion and thin topsets, which adds uncertainty 

to these interpretations. Figure 5-3 and Figure 5-4 highlight the stratigraphy observed in the 

region surrounding the borehole and the scales of lateral variability, showing 10 - 20% 

variations in the percentage of sandstone and conglomeratic lithofacies over distances of 100 

- 400 m. WX1 comprises calcareous mudstones in both the basin floor and up-dip Ilias delta. 

This is overlain by a coarser grained package, WX2, which thins and pinches out to the south 

in the G4 locality. WX2 comprises sand-rich and conglomeratic sheets and lenticular 

heterolithic packages near the borehole, with highly variable conglomeratic and sandstone-

rich scour fills in the Ilias delta region. The overlying WX3 comprises sandstone- and 

conglomerate-rich channel-fills and sandstone-rich lenticular heterolithics. WX3 is bound by 

its lower surface, Surface 3. Surface 3 deeply erodes within the fan delta and marks a major 

change in sedimentary facies from foresets of interbedded sandstones and mudstones, to 

conglomerate-rich foresets (Cullen et al., 2019). This pattern covers a ~7 km2 area in the fan 

delta region. Near G4, Surface 3 comprises a surface separating underlying calcareous 

mudstones (WX1) and sandstone- and conglomerate-rich channelised lobe deposits (WX3 – 

Figure 5-3, Figure 5-4, Chapter 4/Cullen et al., 2019).  WX3 is capped by Surface 4, the basal 

surface for WX4. Surface 4 (base WX4) marks the onset of retrogradation of the Ilias fan delta, 

which is recognised by back-stepping finer-grained (sandstone- and mudstone-rich) foresets 

and corresponds to a downdip hiatus in coarse-grained siliciclastic supply to the deep-water 

(Figure 5-3, Figure 5-4, Chapter 4/Cullen et al., 2019). This forms a regionally extensive mud-

rich marlstone dominated unit (WX4) with rare shelly fauna in the G4 core. Macrofauna is 

otherwise absent in the stratigraphy. WX4 is capped by Surface 5, which is marked by downlap 

of WX5 foresets onto WX4 bottomsets in the Ilias fan delta region reflecting renewed 

progradation of the delta throughout WX5 (Chapter 4/Cullen et al., 2019). Distally, in the region 

of the G4 borehole, Surface 5 is expressed as a return of coarse-grained deposits of 

conglomeratic debrites and the interbedded sandstone sheets separated by occasional 

mudstone horizons typical of WX5. This transition from WX4 to WX5 is laterally variable, 

appearing in G4 as ~90 cm thick debrite, but 500 m to the north as a gradual increase in the 

number and thickness of sandstone beds (Figure 5-3, Figure 5-4). Surface 6 (base WX6) is 

marked by an erosion surface in the bottomset of the Ilias fan delta, and an increase in the 

proportion of conglomerates that thin and lap onto the foreset (Cullen et al., 2019). Near G4, 
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Surface 6 is more subtle, but is marked by an extensive coarse-grained, conglomeratic horizon 

that marks the onset of alternations of decametric-scale thickness, laterally extensive 

packages of sandstone and gravel-rich stratigraphy interbedded with mudstones in WX6 

(Figure 5-3). This is contrary to the lithologically similar, but more variable, pinching and 

swelling sandstone lenses and fine-grained alternations of WX5. In the Ilias fan delta region, 

WX5 and WX6 are exposed in the bottomsets, comprising laterally variable conglomeratic 

lenses and elsewhere as sandstone-rich channel- and scour-fills. The base of WX7 is marked 

by a laterally extensive mass transport deposit of changeable character and overlain by 

sandstone sheets and mudstone intervals similar to WX5 and WX6 (Cullen et al., 2019).  

In the region of the borehole, three cliff faces (two orientated approximately N-S and one north 

facing, NE-SW oriented cliff) produce a promontory near the village of Skoupeikia (Figure 5-2, 

Chapter 4,6). Present day structural dip is 10 - 15° eastward for much of the deep-water 

stratigraphy in the northern part of these cliffs, rotating to 15 - 20° southeastward around the 

G4 borehole. This forms a broad SSE-NNW striking anticline, approximately 500 m wide, 

dissected by smaller-scale faults in the region around logs 1 and 2 (Figure 5-3, Figure 5-4), 

which are interpreted to have formed above a blind intra-basinal fault, Minor Fault 1. 

Stratigraphic thinning onto this high during and after WX3 (Figure 5-4) supports the presence 

of a minor topographic high generated by the blind fault during WX2 and WX3 times. The 

southward thinning means WX2 is likely absent or highly condensed in the G4 core. Subtle 

northward thinning of WX5 (also WX3) between logs 3 and 5 may be a result of incipient 

growth of the Likoporiá Fault and the birth of a topographic high to the north of the section 

(Cullen et al., 2019). Observations of intra-basinal structures <1 km to the footwall of, and co-

planar with, the Likoporiá Fault that affect younger stratigraphy support this interpretation 

(Figure 5-1, Figure 5-2, Chapter 4, 6). 



2020 Chapter Five – Palaeoenvironmental Controls 132 

 

 

Figure 5-4 Correlation panel for the Skoupeikia East outcrop into the G4 borehole with relative proportions of coarse-grained to fine-grained stratigraphy expressed as net:gross.  
Two principal units of coarse-grained stratigraphy (WX3 and WX5) are separated by mudstone rich WX4. MT and WX7 thicknesses are extrapolated from a digital log out of section 
by ~120 m downdip in line with 4a. The Skoupeikia structure is complicated by an intra-basinal fault tip (Chapter 4, 6) which generates a small anticline in the southern part of the 
cliffs and restrict the lateral extent of WX2. This produces the thinning relationships seen in WX3, WX4 and WX5 which show a northward and southward thinning from the central 

area ~ Log 4 where they are thickest. 
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5.5 Chronostratigraphy 

The Ilias fan delta system and downdip RDF stratigraphy is interpreted to be ~1.5 - 0.7 Ma 

(Rohais et al., 2007a; Ford et al., 2016; Gawthorpe et al., 2018) based on existing 

biostratigraphic (low resolution palynology and macrofauna ranges) and tectonostratigraphic 

constraints based on the topset elevations of laterally equivalent deltas and well-documented 

uplift rates for the southern margin of the Gulf of Corinth (Symeonidis et al., 1987; Muntzos, 

1992; Armijo et al., 1996, Westaway, 2002; Malartre et al., 2004; Rohais et al., 2007a; Ford et 

al., 2007, 2013, 2016; Nixon et al., 2016, Gawthorpe et al., 2018). Calcite cements dated from 

the West Xylokastro Fault indicate activity on the West Xylokastro Fault at ~1 Ma (+/- 0.1 Ma) 

(Flotte et al., 2001; Causse et al., 2004), however such cements can be precipitated during 

many periods of the lifetime of a fault and so do not form a boundary age condition. The 

youngest part of the West Xylokastro RDF is likely to coincide with the migration of activity 

from the West Xylokastro Fault to the Derveni and Likoporiá Faults, which is estimated to have 

begun at ~0.75 Ma (Bell et al., 2009; Nixon et al., 2016; Gawthorpe et al., 2018;). This 

migration of activity may have been protracted, as timing of drainage reversals on the southern 

rift margin associated with this range from 0.7 - 0.5 Ma (Ford et al., 2007; Gawthorpe et al., 

2018; de Gelder et al., 2019).  

Palaeomagnetic analyses from the G4 borehole and outcrop samples revealed 6 

magnetozones within the West Xylokastro stratigraphy (Figure 5-3, Figure 5-5). Within the 

~1.5 – 0.5 Ma age range constrained by previous tectonostratigraphic and drainage evolution 

research, there are three > 20kyr periods of normal polarity: the Brunhes chron (0 - 773 kyr) 

and the Jaramillo sub-chron (1001-1069 kyr) and the Cobb Mountain sub-chron (1189 - 1221 

kyr) (Figure 5-5). Shorter intervals of normal polarity also exist as the Kamikatsura (900 kyr) 

or Santa Rosa (932 kyr) sub-chrons. Therefore, intervals of normal polarity within the 

magnetostratigraphy of the sampled section are considered likely to tie to these events.  

Two sections of constant normal (MAG1 and MAG2), and reverse polarity (MAG0, MAG4) can 

be identified at the lower and upper parts of the stratigraphy, respectively (Figure 5-5). The 

lowermost normal polarity interval (MAG1, minimum 34.5 m) may correspond with the 

Jaramillo sub-chron. However, given the uncertainties, frequency of underlying samples, and 

range of sediment accumulation rates (Sergiou, 2016; McNeil et al., 2019a) the reversed 

MAG0 interval, MAG1 could also intersect part of the ~20 kyr long Cobb Mountain sub-chron 

(1.18 Ma -1.2 Ma). If this were the case, then the higher normal polarity period (MAG5) would 

correspond to the Jaramillo sub-chron. Sediment accumulations during MAG4 would be as 

high as 2 m/kyr (approximately 80 m of section in 40 kyr from the Punanu subchron to the 

Jaramillo subchron). Both the young and old case reveal realistic, although differing, sediment 
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accumulation rates. Whilst sediment accumulation rates provide approximate constraints, 

further integration with stratigraphic relationships can provide greater certainty on which age 

model is more appropriate. 

Likoporiá Fault hanging wall stratigraphy indicates activity on the Likoporiá Fault from ~0.75 

Ma (Nixon et al. 2016). Uplift in the footwall of the Likoporiá Fault acted to exhume the West 

Xylokastro RDF to its present day position, and in its early stages likely formed a bounding 

topographic high to the West Xylokastro depositional system (Nixon et al., 2016; Gawthorpe 

et al., 2018; Cullen et al., 2019). As WX1 was determined to be unaffected by the Likoporiá 

Fault (Section 4), MAG 1, normal polarity stratigraphy must be older than ~0.75 Ma and cannot 

be within the Bruhnes normal polarity chron. The preferred interpretation is that MAG1 

corresponds to the Jaramillo sub-chron, and the minor MAG3 normal polarity interval is either 

the Kamikatsura (900 kyr) or the Santa Rosa (932 kyr) excursion given their limited duration 

and position in the lowermost WX6. This is consistent with stratigraphy at this level (WX6 and 

above) being affected by a minor topographic high (Likoporiá Fault footwall) to the north 

(Section 5.4, Cullen et al., 2019). Seventy metres of section of reversed polarity in MAG4 

corresponds to the Matuyhama reversed polarity chron, with the return to normal polarity near 

the top of the borehole, corresponding to the Brunhes-Matuyama reversal, 773 kya. Two 

hundred metres of younger RDF stratigraphy is preserved as the Upper WX (Cullen et al., 

2019). Extrapolating the preferred uppermost sediment accumulation rate estimated from the 

palaeomagnetic ties for MAG 4 (~0.6 m/kyr) gives an age of ~0.6 Ma for the top of the 

preserved West Xylokastro RDF stratigraphy in the study area. Internal to these upper and 

lower boundaries, the positioning of stratigraphic units needs to account for condensed 

sections. Unit WX2 is absent, or very likely condensed, at the base of WX3 as a composite of 

WX2 and Surface 3 within the G4 borehole stratigraphy (Figure 5-3). Using the nearby G4 

borehole sediment accumulation rate from analogous MAG1 (0.65 m/kyr) or MAG2 (0.42 

m/kyr), and thickness of WX2 at its thickest point nearby (~15 m in Log 6 in Figure 5-3), WX2 

is interpreted to correspond to a duration of ~23 kyr – 36 kyr. The preferred duration is the 

shorter model, given the greater similarity of stratigraphy within MAG1 to that of MAG2 which 

contains a basin wide mudstone interval separating coarse-grained scour-fill prone 

stratigraphy, rather than the alternations between mudstones and laterally extensive 

conglomeratic debrites and mudstones within MAG1. 

Increased confidence in ties to magnetostratigraphic periods can come from using 

sedimentation rates. Similar deep-water settings in the Corinth Rift are estimated to have ~0.2 

– 2.5 m/kyr sedimentation rates as extreme boundaries (Sergiou 2016, McNeil et al., 2019a). 

Therefore, expected thicknesses for periods between ~70 kyr (Jaramillo) and >100 kyr 

(Bruhnes - Matuyhama) are ~35 - 200 m thick. All thicknesses and sedimentation rates of the 
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magnetzones are within this range (Appendix 3, 4). The chronostratigraphic placement of the 

West Xylokastro Fault Block stratigraphy places it equivalent to the lower offshore unit 

penetrated at IODP 381 Site M0078 (Unit 2, McNeil et al., 2019a-f) and provides one of the 

first demonstrable chronostratigraphic ties between the onshore and offshore stratigraphy in 

the Gulf of Corinth.  

Chronostratigraphy established through the palaeomagnetic record also allows context for the 

likely frequency recorded by palynological sampling, which averages at roughly 1 sample per 

20kyr, although this rate does show minor deviations to maintain good sample quality. This 

means the palaeoenvironmental record will not accurately characterise higher-frequency 

(<104 kyr) analysis, and roughly forms chronostratigraphic resolution within this study. 

 

Figure 5-5 Palaeomagnetic ties of four reversals identified within the sampled stratigraphy to generate 6 
magnetozones (MAG0-MAG5). Buffers in the placement of these reversals within the stratigraphy are shown as 

error bars in the sample locations on the right. Influence of Likoporia Fault (LF) determined from literature 
chronostratigraphic models and stratigraphic evidence in this study. 
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5.5.1 Alternative Palaeomagnetic Interpretations 

In the absence of a discrete stratigraphic age (e.g. dated tephra or very high-resolution 

biostratigraphy) paleomagnetic chronostratigraphy interpretations can have equivocal 

alternatives (Figure 5-6). The choice of the presented palaeomagnetic interpretation (MAG 1 

= Jaramillo) was guided by comparison and integration with i) regional palaeogeography, ii) 

required exhumation/uplift rate, iii) rationality of sedimentation rates and/or variability and iv) 

palaeomagnetic certainty (or variability thereof). With the exception of the Olduvai alternative, 

models 1, 3 and 4 fit within the broad, possible age range (~1.8 Ma – ~0.6Ma) for the RDF in 

the West Xylokastro Region (Ford et al., 2016; Gawthorpe et al., 2018; Figure 5-6). In this 

instance palaeomagnetic certainty relates to how likely the spot-sampling method would 

identify a given reversal, and/or how densely sampled a given magnetic chron is. For example, 

a “Bruhnes Alternative” (Option 4 on Figure 5-6) shows distinct variability in the sample density 

for very minor incursions, which are well known to show relatively weak signatures and so is 

assigned a unreasonable palaeomagnetic certainty (Singer, 2014). Where MAG1 is tied to 

stronger, longer intra-Matuyama incursions (Olduvai and Cobb Mountain) variability of 

sedimentation rates is likely to be extreme to fit palaeomagnetic data, and in cases outside 

typical values for similar settings of the Corinth Rift (between 0.2 m/kyr – 2.5 m/kyr as 

extremes,  Ford et al., 2016; Sergiou et al., 2016; McNeil et al., 2019a). The estimated 

exhumation rate required for the oldest (Olduvai) alternative (~0.4 mm yr-1) is substantially 

slower than that which is established in the literature for this region of the southern coastline 

(1.3-1.5 mm yr--1 - Armijo et al., 1996; Taylor et al., 2011; Chapter 4). Although it is equally 

probable that past uplift rates were slower, during the early life of the Likoporiá Fault, so this 

criterion alone is uncertain. However, if this were the case, such an uplift rate would place 

beach terrace deposits which lie unconformably on the RDF significantly older (~750 ka) than 

stratigraphically equivalent beach terraces to the east with confirmed U/Th dating (maximum 

600 ka, Armijo et al., 1996). As a result, the chosen interpretation relies on MAG1 tying to the 

Jaramillo sub-chron, which yields sedimentation, uplift rates and palaeogeographies which fit 

with those already established in the Corinth Rift, and has a reasonable palaeomagnetic 

certainty. 

Figure 5-6 (Next page) Summary chart (A) for the four possible alternative palaeomagnetic interpretations for the 
West Xylokastro RDF stratigraphy in this thesis. B) Sediment accumulation rates for magnetozones (MAG0-5) for 

the four possible scenarios. Red text indicates sediment accumulation rates (m/kyr) which are far outside 
previously documented ranges for similar settings or are of extreme variability. C) Summary of interpretation 

choice on the basis of agreement with well-established regional palaeogeographies, required uplift rates, 
sedimentation rates, and the ability for the palaeomagnetic survey in this study to detect the required variations. * 

- Sedimentation rates for these magnetozones are less constrained than MAG1 – MAG4 due to no ‘bounding’ 
reversal at the base and top of stratigraphy and so are estimated as maximums, to the nearest adjacent reversal 

or extrapolation of the maximum preserved thickness. Geomagnetic Instability Time Scale (GITS) 
palaeomagnetic record from Singer et al. (2014). † duration for Santa Rosa taken from Yang et al. (2004). § 

duration for Punaruu from Channel et al. (2017). ⁋ minor Bruhnes excursion durations deemed as ~1kyr from 
Singer (2014), likely not truly detectable in this survey. 



2020 Chapter Five – Palaeoenvironmental Controls 137 

 



2020 Chapter Five – Palaeoenvironmental Controls 138 

5.6 Palynology 

5.6.1 Palynofacies analysis 

Figure 5-7 shows a ternary plot (sensu Tyson, 1996; Zobaa et al., 2015) for total organic matter 

percentages of the samples analysed from the G4 core. All samples plot within the proximal, 

terrestrially influenced part of the ternary plot (Figure 5-7b). An enlargement of the upper 20 

% of the ternary plot (Figure 5-7b) highlights that very minor marine/brackish influences are 

typically within mudstone-rich units (WX4 and WX1) or more heterolithic units (WX5/6). These 

are expressed as minor (<5 %) occurrences of Amorphous Organic Matter (AOM) and marine 

algae, dinoflagellates, and a coincident reduction of freshwater algae and/or terrestrial matter. 

Figure 5-8 also highlights consistently high counts (40 - > 150, equivalent to 40-70 % of organic 

matter) of cuticle/unstructured phytoclasts and woody/equant/bladed debris. There is no 

observable cyclicity in this organic matter type or distribution, and variability is generally pulsed 

(rather than cyclical waxing or waning variability). Pulses of Botryococcus freshwater algae 

are noted at the onset of WX6. The upper part of the stratigraphy (intra WX7) shows very high 

counts of equant debris and degraded wood with far less cuticle than in older parts of the 

succession. 

The dominance of terrestrial palynomorphs and lack of strong marine influence supports 

previous work that interpret the first phase of the Late Pleistocene Gulf of Corinth as a largely 

isolated freshwater to brackish body; “Lake Corinth”. (Rohais et al., 2008, Gawthorpe et al., 

2018, McNeil et al., 2019a, f). In WX4 and WX5, possible marine indicators such as 

Amorphous Organic Matter (AOM) and other non-terrestrial palynomorphs only comprise <2 

% of the Other Sedimentary Organic Matter (OSOM). Where Non-Terrestrial palynomorphs 

(e.g. Marine Algae, Acritarchs and Zoomorphs) are present, they are typically present in very 

low numbers, and are not necessarily indicative of marine waters (e.g. Zoomorphs or 

Acritarchs), suggesting minor levels of mixing of fully freshwater and brackish conditions. 

The intra-WX7 switch to equant debris/degraded wood dominated organic assemblages are 

interpreted as being representative of depositional palynofacies variation corresponding with 

change from lobate/weakly confined deposits to more channelised elements within WX7 

(Cullen et al., 2019). McArthur et al. (2016b, c) recognise that the differing density of organic 

matter types can alter the relative proportion of OSOM within given sub-environments of deep-

water depositional systems. 
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Figure 5-7 A) Environmental importance of relative percentages on ternary palynology plots of percentages of TP 
(Terrestrial Palynomorphs), NTP (Non-Terrestrial  or ‘marine’ Palynomorphs) and AOM (Amorphous Organic 
Matter). Modified after Zobaa et al., (2015) and Tyson (1995). B1) Full scaled ternary plot for G4 palynology 

samples highlighting strong freshwater influence in all samples. B2) Blow out of upper 20% triangle highlighting 
minor deviations to weak marine (or saline) influences (<5%). A) Environmental importance of relative 

percentages on ternary palynology plots of percentages of TP (Terrestrial Palynomorphs), NTP (Non-Terrestrial  
or ‘marine’ Palynomorphs) and AOM (Amorphous Organic Matter). Modified after Zobaa et al., (2015) and Tyson 

(1995). B1) Full scaled ternary plot for G4 palynology samples highlighting strong freshwater influence in all 
samples. B2) Blow out of upper 20% triangle highlighting minor deviations to weak marine (or saline) influences 

(<5%). 
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Figure 5-8 Summary stratigraphic plot of raw count data for sedimentary organic matter (excluding pollen, spores 
and dinoflagellates). X Axes are absolute numbers of grains, with numbers provided where the x-axis is 

exceeded. 

5.6.2 Dinoflagellates and other non-pollen palynomorphs 

The maximum number of co-existent dinoflagellate taxa is 11, with most samples typically only 

showing 3 – 5 taxa within the G4 stratigraphy (Figure 5-9). Greatest abundances are recorded 

in Spiniferites spp. and Spiniferites cruciformis, which occur as notable peaks within WX1, 

near the top of WX4, within WX5 and near the base of WX6. Occurrences of other 

dinoflagellate cyst taxa also increase in samples with high Spinerites spp. counts, but are 

typically far lower in abundance than Spiniferites spp. During WX5 and WX6, high abundances 

of Spiniferites spp. is also associated with an increase in Botryococcus freshwater algae 

(Figure 5-8, Appendix 5). In contrast, during WX3, when Spiniferites spp. counts are 

substantially lower, there is an increased presence of Impagdinium, Gymnodinium and 

Ataxiodinium choane cysts. Other non-pollen palynomorphs (e.g. Acritarchs) are typically rare 

in most samples, and where present are poorly preserved, meaning they cannot be 

distinguished to genera level.  

The variable presence and lack of diversity of dinoflagellates and other non-pollen 

palynomorphs suggests that dinoflagellate populations may have been strained (Mudie et al., 

2001). High quantities of Spiniferites cruciformis and comparatively lower dinoflagellate 

diversity across other taxa compared to other Pleistocene Mediterranean basins suggests that 

Lake Corinth did not favour well-developed, diverse, dinoflagellate populations. The co-
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presence of Sp. cruciformis and other Spiniferites spp., with relative increases in freshwater 

influence (e.g. Bottryococcus freshwater algae in WX5 in Figure 5-8), is in agreement with the 

recognised ability of Sp. cruciformis to withstand a variety of salinity conditions and is 

concomitant with observations of Sp. Cruciformis as a pioneer taxa in strained or variable 

salinity environments such as the Black Sea corridor (Kouli et al., 2001, Mertens et al., 2012a, 

Mudie et al., 2001,2010,2017, McNeil et al., 2019e). Mudie et al. (2010) highlight that nutrient 

supply to the water-column is a stronger control on Spiniferites spp. dinoflagellate populations 

in lacustrine or ephemerally connected water bodies rather than absolute lake-level itself and 

as a result variability in diversity and/or presence of dinoflagellate populations may be linked 

to variations in terrigenous material supply to a given basin. The combined dinoflagellate and 

broader non-pollen palynomorph assemblage is in keeping with other brackish/semi-brackish 

water bodies in the Eastern Mediterranean, Aegean and Black Sea regions. However 

considerable variability in the largely restricted diversity of the dinoflagellate population may 

reflect periods of isolation from more consistent and diverse dinoflagellate populations 

outboard of the Gulf (Kouli et al., 2001; Mudie et al., 2001, 2010, 2017, McNeil et al., 2019e,f). 

This could occur either through genuine oceanographic isolations as a result of lake level falls 

below the Rion Sill and Corinth Isthmus (sensu. Collier et al., 2000) or local variabilities in 

circulation, nutrient supply or climate. However, further chrono- and biostratigraphic constraint 

would be required to confirm this.
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Figure 5-9 Stratigraphic summary for dinoflagellate 
cysts presented as A) raw counts and B) 

Abundances as cysts/gram calculated using the 
Lycopodium marker method. Small values/low 

occurances are labelled.
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5.6.3 Pollen assemblages 

Figure 5-10 summarises the pollen count data from the G4 borehole (Appendix 3, 5). The most 

common taxon is Pinus and more broadly, Pinaceae with exceptions of minor periods with 

widespread absence of Pinaceae, during which grasses (Poaceae, Cyperaceae) become the 

most dominant. This dominance is due to the long-range airborne dispersal of Pinaceae. 

Therefore, other pollen percentages are calculated relative to the sum of all pollen excluding 

Pinus. Following this, the most common taxa are Poaceae, Cyperaceae grasses, and 

subordinate Asteraceae, Cupressaceae/Taxodiaceae and Plantago sp. (Figure 5-10b). As 

with most Pleistocene pollen records, substantial variability exists in the proportions of 

arboreal pollen (e.g. Tzedakis et al., 2006). The assemblage is similar to most Pleistocene 

Mediterranean assemblages however Artemisia is absent. However, unlike typical 

Mediterranean Pleistocene pollen records, Quercus makes up a comparatively minor 

component of arboreal pollen in the G4 stratigraphy. Steppic, or halophilic elements such as 

Chenopodiaceae and Ephedra are present but rare, with aquatic elements 

(Potamogetanaceae, Spraganiaceae and Nymphea alba) even rarer. Other herbaceous 

elements comprise flowering plants typical of, although not specific to, Mediterranean flora 

assemblages. Most commonly in this study these comprise Asteraceae, Caryophyllaceae 

Saxifragaceae, Rosacae, Dipsaceae, Malvaceae and relict taxon such as T. sibiricum.  

Mudstone-dominated WX1 (~30 m thick in G4) begins with an increasing arboreal pollen 

percentage, largely due to a significant expansion (from 30 to 60 %) of Pinaceae coniferous 

pollen, concurrent with a large increase in grass pollen. At this level of the stratigraphy, WX1 

shows no steppic elements, but a noticeable drop in the percentage of Asteraceae (and overall 

herbaceous percentages, despite an increase in T. sibiricum). This peak is followed by a 

decline in coniferous pollen (most dramatically in Pinus) and grasses. There is also a 

coincident increase in Asteraceae, deciduous trees such as Betula and Quercus, and 

scleroyphyllous (scrub) forms of herbaceous plants (e.g. Schrophuliaceae and steppic 

elements such as Chenopodiaceae and Ephedra). The upper part of WX1 shows a return to 

coniferous pollen (especially Abies, Picea, and Juniperus and other Cupressaceae) and 

grass-dominated assemblages with coincident decreases in flowering plants (although 

Asteraceae still makes up ~20 % of the Pinaceae-excluded pollen sum). 

Figure 5-10 (overleaf): Relative percentage stratigraphic plots for pollen assembles in G4. Sorted into ecological 
groups (A) defined by the present taxa (B). Pinaceae are calculated relative to all pollen, whilst all pollen are 
calculated to a pollen sum minus Pinances. Unless otherwise labelled, X axes represent a max of 12.5% with very 
rare values labelled (typically <5%.
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Conifer-dominated vegetation is the dominant assemblage throughout much of WX3 with a 

growth in high-altitude/cold-tolerant genera, such as Abies and more minor Tsuga (Figure 

5-10). There is also an increase in deciduous trees through the unit from < 5 % at its base to 

~12.5 % in the upper part of WX3, where deciduous arboreal pollen comprises Quercus and 

Ulmus. The conglomerate and sandstone-rich middle of WX3 also shows peaks in steppic 

elements (Chenopodiaceae) and aquatic elements. The very top of WX3 has the highest 

arboreal pollen percentage observed (80 %) comprising a mixed forest of deciduous and 

conifer trees (Figure 5-10). 

Mudstone-dominated WX4 comprises a ~25 m section with decreasing conifer pollen, but with 

a constant (~12.5 %) deciduous (Quercus and Alnus dominated) arboreal percentage. There 

is also an increase in the diversity of other herbaceous elements, with 10 co-existent taxa 

dominated by Asteraceae. Steppic elements (<5 %) are also present but rare, and previously 

present Mediterranean elements are absent (e.g. Quercus ilex, Oleaceae). This assemblage 

is maintained through much of the heterolithic but sandstone-rich WX5, with an absence of 

Pinus and very low counts of other Pinaceae. The uppermost 4 - 5 m in WX5 is an exception 

to this, with Pinaceae percentages abruptly returning to pre-WX4 levels, a reduction of 

deciduous trees to < 5% of the pollen assemblage, and a return of steppic elements. 

WX6, largely comprising alternations of sandstone sheets and mudstone intervals, shows a 

decrease in conifers and grasses, although with a relatively constant overall deciduous tree 

percentage (~12.5 %), and an increase in other herbaceous and steppic elements. The MTD 

overlying WX6 is followed by more sparsely sampled and occasionally barren stratigraphy 

(Figure 5-10; Appendix 5). Nevertheless, the taxa present are similar to the older stratigraphy 

with the exception of the appearance of Plantago sp. dominated herbaceous elements and 

the disappearance of Asteraceae and Tsuga. Other previously minor taxa that become more 

common are Acer deciduous trees. Grass pollen, which had been largely consistent through 

much of the stratigraphy, markedly reduces. This reduction is associated with an appearance 

of Mediterranean elements (Quercus ilex) and dominance of Pinaceae and other conifer 

vegetation. 

Whilst largely similar to other nearby Pleistocene pollen records (e.g. Tzedakis et al., 2006; 

Joannin et al., 2007a,b; Francke et al., 2016; Sadori et al., 2016a,b) discrepancies, such as 

the minor percentages of Quercus, might reflect the distal, basinal sample location, where 

certain taxa may be under-represented due to their more limited transport distance (cf. over-

represented Pinaceae - Szczepanek et al., 2017). Artemisia is also more common in other 

Pleistocene pollen records (Tzedakis et al., 2006) but absent in the West Xylokastro G4 

record. Joannin et al. (2007b) attributed a similar absence in Rhodes, Greece, to the wet 
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climate typical of much of the Early Pleistocene in the Eastern Mediterranean (Collier et al., 

2000; Joannin et al., 2007a,b). 

WX1 pollen assemblages suggest a forested, largely temperate/warm climate, with occasional 

periods, of mixed to open vegetation, dominated by herbaceous and steppic elements, and 

Mediterranean elements (chiefly Phyllirea). These periods may reflect fluctuations to relatively 

dry periods during WX1 similar to that of modern Greece. Initial WX3 pollen assemblages in 

the G4 core suggest similar temperate conditions to WX1 (Figure 5-10, Figure 5-11). Within 

the central portion of WX3, this followed by a decrease in arboreal vegetation to steppe 

grasslands of a colder, likely wetter, climate typical of Pleistocene glacial conditions in the 

Mediterranean (Collier et al., 2000; Tzedakis et al., 2006; Joannin et al., 2007a,b). The 

uppermost part of WX3 is marked by a period of significant warming, seen in the expanse of 

both deciduous and coniferous arboreal pollen. Such warming may have been accompanied 

by an increase in precipitation given the decrease of steppic and Mediterranean elements. 

This expansion of forest cover during warming immediately precedes the change to mudstone-

dominated WX4. This is followed by a ~60 % reduction in coniferous forest through WX4 into 

WX5 and is interpreted to reflect continued warming to a climate too warm, or too dry, to 

sustain widespread forest cover. Continued warming is also reflected in the return of steppic 

or halophilic elements, but with an absence of cold or wet tolerant taxa such as Abies, and 

aquatic elements. Similar very warm/semi-arid episodes are observed in Joannin et al. (2007) 

in Rhodes, Greece. This assemblage is maintained until WX6, where pine forest returns and 

mesothermic arboreal elements decrease (Quercus sp.) indicative of a return to a cooler 

climate. Given the barren nature of samples within and above the MTD, there is no climatic 

interpretation proposed for WX7 stratigraphy on the basis of the G4 pollen record. However, 

as a stratigraphic unit WX7 comprises frequent alternations of sand-rich sheets and mudstone 

intervals. The WX7 pollen record, whilst sparse, contains the highest magnitude of variation 

in Pinus and other coniferous taxa (chiefly Cupressaceae). The age model established in 

Figure 5-11, highlights that WX7 is likely during the latter part of the Early-Mid Pleistocene 

Transition (MPT) (Figure 5-5, Figure 5-11). Tzedakis et al. (2006) observe a similar increase 

at this time as part of a strengthening in high-frequency, high magnitude oscillations from 

precession paced climatic and vegetation coupling.  

Pollen sampling position and preservation is independent of the stratigraphic units (which are 

of variable thickness and determined by stratigraphic observations in the field and core) and 

so it is important to note that some units receive higher effective rates or ‘intensity’ of sampling 

which may impact the confidence in vegetation reconstruction tied to specific units. 

Observations in thicker units (e.g. WX3 and WX1) highlight that there is variability in the 

palynological assemblage within certain units. However, all stratigraphic units except the MTD 
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contain at least one sample and typically have samples immediately preceding or following 

them (e.g. WX4) to put palynological changes in context with respect to stratigraphic units and 

broader chronostratigraphy. 

5.7 Palaeoenvironmental evolution and sediment supply synthesis 

The palaeomagnetic tie-points suggested in Section 5.5 allow the interpretation of the 

stratigraphic units and complimentary palynological record in chronostratigraphic context. The 

boundaries of the six magnetozones of the stratigraphy are treated as fixed tie-points. In the 

absence of higher resolution chronostratigraphic constraints within these magnetozones, the 

stratigraphy within each magnetozone is linearly compressed or expanded accordingly to 

meet the time-depth relationship of the G4 borehole and surrounding stratigraphy in Figure 

5-11.  Stratigraphic surfaces within rift basins are often complex and diachronous due to 

complex interactions of local accommodation and supply interactions (Gawthorpe et al., 1994; 

Rohais et al., 2008; Muravchik et al., 2016; Barrett et al., 2018, 2019), and so to be led a priori 

by a sequence stratigraphic interpretation of a given surface to resolve variations in 

sedimentation rate within magnetozones could be problematic. As a result, stratigraphic 

surfaces are placed purely on their corresponding magnetostratigraphic position rather than 

through a correlative interpretation with global sea-level or vegetation records. The 

chronostratigraphic resolution provided by the magnetostratigraphy and the correlation to 

deltaic stratigraphic architecture (Cullen et al., 2019/Chapter 4) still provides a significant 

improvement on the existing age-range of the West Xylokastro RDF and means previous 

stratigraphic interpretations of these surfaces, and the units they bound, can then be tested 

with regards to their palaeoenvironmental triggers. Whilst stratigraphic surfaces are given a 

single age in light of this, many surfaces likely record considerable periods of time of reduced- 

or non-deposition which cannot be resolved (with the exception of surface 2). Given the range 

of the magnetozone from the Santa Rosa chron (0.932 Ma) to the Bruhnes-Matuyhama 

reversal (0.773 Ma) and the quasi-instantaneous emplacement of the MTD, the positioning of 

WX7 and the MTD remains uncertain. As a result, the focus of palaeoenvironmental and 

sediment supply reconstructions is on the stratigraphy from WX1 to WX6. Table 1 summarises 

the previously proposed interpretation of surfaces, and the chronostratigraphic placement as 

a result of this study.  
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Figure 5-11 Chronostratigraphic summary of the G4 wellbore data and broader West Xylokastro RDF highlighting periods of increased coarse-clasic delivery, shutdowns and their 
coincident palynologyical signatures. Palaeomagnetic tie-points from the G4 stratigraphy are highlighted. Onshore simplified core and bed thicknesses are not representative of 

actual bed thicknesses . Equivalent offshore stratigraphy is from IODP Hole M0078 (McNeil et al., 2019f).
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Surface Proposed Interpretation (Cullen et al., 2019) Chronostratigraphic position (Figure 5-10) 

Surface 2 

(Base WX2) 

Forced regressive surface documented by 

widespread erosion in Ilias delta and increase in 

conglomeratic lithofacies 

~1.01 Ma within MIS28 global sea-level fall or 

~1.03 Ma at onset of MIS 29 global sea-level 

rise 

Surface 3 

(Base WX3) 

Forced regressive surface documented by 

widespread erosion and chutes in Ilias delta and 

continued coarse-grained lithofacies 

~0.99 Ma (MIS 28) during MIS28 at onset of 

global sea-level fall from MIS28 interstadial 

Surface 4 

(Base WX4) 

Onset of transgression documented by back-

stepping delta foresets in Ilias Delta and change to 

basin-wide dominance of mudstone-dominated 

stratigraphy 

~0.96 Ma (MIS 26) during maximum rate of 

global sea-level rise to MIS 25 

Surface 5 

(Base WX5) 

Maximum flooding surface marked by basinward 

downlap capping retrogradation of mudstone-rich 

WX4 stratigraphy 

~0.95 Ma (MIS 25) during onset of global 

sea-level fall from MIS 25 

Surface 6 

(Base WX6) 

Regressive surface documented by erosion in the 

Ilias delta and increase in conglomeratic lithofacies 

~0.93 Ma (MIS 24) during highest rate of 

global sea-level fall to MIS 24 

Surface 7 

(Base WX7) 

Possible transgressive surface, but weakly 

expressed as backstepping bottomsets onlapping 

onto foresets in Ilias delta 

~0.91 – 0.87 Ma Highly uncertain due to MTD 

at G4 borehole 

 

Table 5-1 Chronostratigraphic placement of key stratigraphic surfaces proposed in Chapter 4. 

Coarse-grained delivery to the West Xylokastro Fault Block is restricted to WX2, WX3, WX5, 

WX6 and WX7, and are highlighted in Figure 5-11, Figure 5-12. The character of these coarse-

grained units varies; WX2 is dominated by conglomeratic sheets and sand-rich channelised 

lobe deposits; WX3, is less conglomeratic with more heterolithic stratigraphy but is dominated 

by sand-rich channelised lobe and sheet-like deposits; and WX5, WX6 and WX7 show 

fluctuations between intervals of coarse-grained delivery in sand-rich, heterolithic apron 

deposits and channels interbedded with laterally discontinuous (<300 m) mudstones (Cullen 

et al., 2019/Chapter 4 and 6). WX7 is eroded into by conglomerate-filled channels in locations 

close to the basin-bounding fault (Chapter 4). The widespread absence of coarse clastic 

delivery during WX1 and WX4 compared to WX2 and WX3 (and the variability within WX6 and 

WX7) highlights supply variability exists. 
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Figure 5-12 Schematic chronostratigraphic summary diagram for the central part of the for West Xylokastro to 
central Corinth rift region for the Early-Mid Pleistocene. WXF – West Xylokastro Fault, MF1-7 – Minor Fault 

(Chapter 4), LF – Likoporia Fault, AnF – East Antikyra Fault, WAnF – West Antikyra Fault, EXF – East Xylokastro 
Fault, KF – Kiato Fault, DF – Derveni Fault. G4 – Syn-Rift Systems borehole, M0079-M0078, IODP Exp 381. 
Boreholes. The yellow dashed line approximates the location of the section, which condenses considerable 

lateral variability. 

The absence of WX2 conglomerates in the G4 borehole reflects a structurally-controlled 

depositional variability. Elsewhere (Figure 2,3) this is a period of conglomerate delivery to the 

deep-water. The new chronostratigraphy developed here indicates that this period of coarse-

clastic delivery during WX2 is coincident with reductions of 80 - 40 % in arboreal pollen at 

Tenaghi Philipon associated with the lowstand of the early MIS 28 stadial (Tzedakis et al., 

2006, Figure 5-11). Tzedakis et al. (2006) document arboreal pollen at Tenaghi Philipon 

measured at periods of time equivalent to immediately pre-, syn- and post-WX2 prior to and 

following missing WX2 stratigraphy, which is in good agreement with the G4 record (~60 % 

compared to 60 - 65 % in Tenaghi Philipon, Figure 5-11). Given the limited volume of sediment 

exposed as a result of base-level fall in narrow shelved active margins (Collier et al., 2000), 
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an increase in sediment supply from the catchment is considered the trigger for the change 

from mudstone dominated WX1 to conglomeratic WX2 in MIS 28.The increase in sediment 

supply from the catchment is interpreted by triggered by the decrease in forest cover, which 

acts to increase erosion and sediment discharge due to more limited physical creep processes 

such as rainsplash and dry ravel to export material previously stored within the catchment 

(Bosch & Hewlett, 1982; Leeder et al,. 1998; Istanbulluoglu & Bras, 2005).  

The base of WX3 (Surface 3) is marked by a deep erosion surface in the Ilias fan delta. 

Distally, near G4, Surface 3 is non-erosional and Cullen et al. (2019) interpret the stratigraphic 

architecture to reflect the structurally-controlled, depositional topography of WX2, which 

focused flows into the topographical low to the south during WX3 (Figure 5-12). Much of WX3 

was deposited during times when catchments were dominated by steppic vegetation similar 

to many Mediterranean glacials (e.g. MIS 24, 26, 28 - Tzedakis et al., 2006; Joannin et al., 

2007, 2008). However, the magnetostratigraphy suggests the onset of WX3 was during an 

interstadial, with moderately developed forest (Figure 5-11, Figure 5-13b). Given the highly 

erosive nature of Surface 3 in the Ilias fan delta, and the significant thickness (~25 - 30 m) of 

the overlying WX3 stratigraphy downdip in the WXFB, Surface 3 likely represents the onset of 

a minor interstadial to stadial base-level fall, the deep-water expression of which separates 

compensationally stacked WX2 and WX3. During WX3, sediment supply was maintained by 

a decrease in forest cover through WX3, and high levels of precipitation evidenced by well-

maintained aquatic element taxa and reed grasses (Phragmites sp.) (Figure 5-10, 10, 11b). 

The ubiquity of steppic elements throughout much of WX3 is synchronous with a reduction in 

forest cover in the catchment, which could have acted to increase lowland-derived ‘soft’ 

sediment yield to maintain sediment delivery during the lowstand/base-level fall and aid 

progradation of the reworked shoreline (sensu Leeder et al., 1998, Figure 5-13c). During WX3, 

time-equivalent δO18 Marine Isotope records show sub-41 kyr variability that may represent 

interstadials within MIS 28 and MIS 26 (Figure 5-11). Such interstadials may produce minor 

expansion of forest cover as reflected in the G4 pollen percentages at the onset of WX3. In 

contrast, pollen assemblages in the middle of WX3 indicate reduced arboreal pollen and cold-

tolerant taxa such as Abies and Picea suggesting a stadial within a cold, wet glacial. These 

intra-WX3 fluctuations may explain the variability between conglomerate-rich portions and 

sand-rich portions within WX3, although this resolution of detail cannot be directly confirmed 

as conglomerates are unsuitable for palynological sampling, and the sample spacing will not 

resolve these high frequency fluctuations of environment. 

WX4 is preceded by a rapid expansion in forest cover to the highest level seen in the G4 

stratigraphy (Figure 5-11, Figure 5-13). The chronostratigraphy model suggests that this is 

synchronous with the global marine sea-level rise and warming related to the transgression to 
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the MIS 25 interglacial (Figure 5-11). WX4 in the Ilias fan delta is recognised by a back-

stepping relationship and fining upward indicative of delta retrogradation (Cullen et al., 2019; 

Section 5.2). With WX4 chronostratigraphically constrained, it is propsoed the substantial 

magnitude and rate of this global marine transgression may have been represented by an 

equivalent rise in Lake Corinth. Any lake level rise would have been amplified by ongoing 

subsidence, and was likely able to outpace sediment supply. Sediment supply likely 

synchronously reduced, due to the extensive forest cover on the land indicated by ~ 60 % 

arboreal pollen values in the pollen sample at the base of WX4, and ~75 % immediately prior 

to WX4. In the Ilias Delta, WX4 is then downlapped by prograding foresets of WX5 (Cullen et 

al., 2019). The chronostratigraphy and palynology of this study highlights this is coincident 

with a rapid (20 kyr) reduction in forest cover during the latter part of the MIS 25 interglacial 

highstand indicated by two samples within WX5. Arboreal pollen percentages are 20 % at the 

onset of WX5 and ~30 %, (20 % of which is mesothermal) at the end of WX5. This contrasts 

with the maintained, and substantial forest cover (75-90% arboreal pollen) in the Tenaghi 

Philipon Record (Tzedakis et al., 2006). Pollen samples within WX5 also show the 

development of steppic and halophilic elements but an absence of cold or wet tolerant taxa 

such as Abies. The reduction in arboreal pollen percentage in the West Xylokastro record is 

substantially larger than the higher frequency variability in the Tzedakis et al. (2006) record 

and is interpreted to be a genuine widespread deforestration rather than aliasing of higher-

frequency variability. Therefore, this rapid reduction in forest cover (during a semi-arid period 

of an interglacial) is interpreted to permit the increase in sediment supply to drive progradation 

of the Ilias fan delta and increase sediment supply to the deep-water (Figure 5-11). The 

dominance of Spiniferities spp. following WX4 through WX5 and WX6 appears concomitant 

with proposed base-level changes (Section 5.5) but cannot be used alone as an indicator of 

marine connection or lake-level control (cf. Morzadec-Kerfoun, 2005). However, such 

dinoflagellate variability is consistent with the influx of nutrients from increased terrigenous 

supply (Mudie et al., 2010) and consistent with the observations of this study. WX6 in the Ilias 

fan delta is marked as a subtle increase in the conglomerate fraction, whilst in other portions 

of the delta bottomset WX6 is marked by channelised features (Section 5.2, Chapter 4, Rubi 

et al., 2018, Cullen et al., 2019). Distally, Surface 7 (base WX6) does not record an increased 

sediment supply or facies change from WX5 as it does more proximally. Surface 6, underlying 

WX6, occurs during the global sea-level fall from MIS 25 to MIS24. In the G4 stratigraphy and 

at Tenaghi Philipon (Figure 5-11; Tzedakis et al., 2006), forest cover rapidly expands at the 

onset of WX6, which may have acted to coincidentally inhibit sediment supply from the 

catchment. This may explain why the coincident lake-level fall is not strongly represented in 

the stratigraphy. Through WX6, arboreal pollen percentages begin to decrease to 

assemblages more typical of Mediterranean glacials increasing or maintaining sediment 
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supply to produce sandstone-dominated stratigraphy distally (Figure 5-10; Figure 5-11, Figure 

5-12). The G4 pollen record becomes sparse in WX7, which is more heterolithic and variable 

than underlying units (Section 2, 4.1, Cullen et al., 2019). In the Tenaghi Philipon record 

(Figure 5-11; Tzedakis et al., 2006), this age bracket (~0.9 to 0.7 Ma) shows a change to high-

frequency (10 - 20 kyr) high-magnitude (20 % to 80 %) variability of forest cover. From WX6 

through WX7 variability of vegetation does not correlate with the 100 kyr-dominated periodicity 

of the global marine glacioeustasy (Figure 5-11; Tzedakis et al., 2006). 

Chronostratigraphically constrained stratigraphic and palynological observations suggest that 

climatic and vegetation variability impacted sediment delivery to the deep-water in the WXFB. 

None of the studied section is deposited under fully marine conditions, and hence lake-level 

is a function of local climate and hydrology. Coarse-grained input is aided by open vegetation 

typical of glacial conditions, or semi-arid interglacials. Severe supply reductions produce 

laterally extensive mudstone intervals during widespread and rapid increases in forestation, 

which were coincident with high magnitude, rapid, 100-kyr paced global sea-level rises. Minor 

increases (those typical of interstadials or less severe, 41-kyr paced interglacials) appear to 

have a more limited impact on supply to the deep-water, producing subtle facies changes 

coincident with minor changes in vegetation. 

  



2020 Chapter Five – Palaeoenvironmental Controls 154 

5.8 Discussion 

5.8.1 Topographic and temporal complexity in Early-Mid Pleistocene rift-margin 

catchments – implications and advantages for palynological investigations 

5.8.1.1 Topographic complexity of short, steep drainage catchments 

Early-Mid Pleistocene palaeogeographies of the Olvios catchment indicate approximately 

1600 m of elevation difference from the uppermost hinterland to the topsets of the Ilias fan 

delta over a distance of ~15 - 18 km (Gawthorpe et al., 2018). This elevation difference covers 

all known Mediterranean vegetation biomes within the transportable distance for airborne 

pollen (Capraro et al., 2005, Suc & Popescu, 2005; Beaudouin et al., 2007). For example, the 

modern Gulf of Corinth catchments, analogous to warmer interglacials of the Mid-Pleistocene, 

has typically semi-arid lowlands with sclerophyllous (‘scrub’) vegetation and more forested 

uplands with warm, scrub and grassland vegetation also present above the treeline 

(Papadopolou et al., 2018). Coupling this with possible transport distances of up to 100 km for 

saccate pollen types (e.g. Pinaceae; Szczepanek et al., 2017) and the potential over- (or 

under-) representation of certain taxa, the palynological assemblage is an aggregate of this 

spatial variability. However, this can inform detailed palaeoecology of the syn-rift hinterland 

and entire catchment (McArthur et al., 2016a), rather than an isolated local palynological 

signature (e.g. near very broad lowlands unrepresentative of larger catchments).The impact 

of this in syn-rift catchments can be substantial, where altitudinal rising of the tree line in the 

catchment can inhibit sediment supply from erosion in the upper reaches of the catchment, 

but the removal of forest cover in the lowermost catchment can promote reworking of ‘soft’ 

sediment yield from soils in the lowlands (sensu. Leeder et al., 1998). Whilst such a detailed 

palaeoecological reconstruction is beyond the scope and resolution of data in this study, these 

variabilities are likely to play an important role on the calibre and timing of sediment delivery 

to the deep-water. Deep-water syn-rift localities are likely to offer opportunities to test or 

investigate this due to the large range of elevations over relative short catchments which are 

within the range to receive pollen as a palaeoclimatic archive from the entire catchment. This 

is contrary to studies, for example, of offshore passive margins, which may receive pollen 

largely from extensive (> 100s km) lowlands, which may only represent a small part of the 

larger fluvial catchments supplying sediment to the paralic and deep-water systems. 
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5.8.1.2 Climatic variability and fluctuations of Lake Corinth in the Early-Mid 

Pleistocene 

The Gulf of Corinth’s location within the eastern-central Mediterranean places it within a 

transition from Atlantic-influenced Mediterranean climates (hot, dry summers and wet, stormy 

winters) to an Eastern Mediterranean/Levant arid climate (Collier et al., 2000). Global climatic 

variability through the Pleistocene can either enhance or dampen the influence of either of 

these climatic regimes through latitudinal shifts of the Atlantic Westerly jet stream (COHMAP 

Members, 1988; Harrison et al., 1992; Leeder et al., 1998; Collier et al., 2000). Particularly 

severe interglacials may alter the typical latitudinal range of the Atlantic Westerly jet stream to 

allow a temporary departure from the typicallly temperate, forest-dominated interglacials 

(Leeder et al., 1998; Tzedakis et al., 2006; Joannin et al., 2007) and may explain  fluctuations 

between wet and dry (e.g. latter part of MIS 25 in this study) interglacials observed in 

comparative studies between the Eastern and Western Mediterranean, particularly through 

the Early-Mid Pleistocene transition (Capraro et al., 2005; Suc & Popescu, 2005). The impact 

of this upon local hydrology and catchment vegetation for lakes makes estimating lake-level 

for Lake Corinth during the Early-Pleistocene challenging. Whilst many Pleistocene lake-level 

records are observed to vary in-phase with global marine eustatic variability such as Lakes 

Tana and Tanganyika, East Africa (Gasse et al., 1989; Marshall et al., 2011), local hydrological 

and climatic variations can alter the evaporation to precipitation ratio for a given water body to 

produce lake-levels that operate out of phase of global marine changes (Leeder et al., 1998). 

For instance, lake-level falls during interglacials are documented in Late Pleistocene and 

Holocene Eastern Mediterranean and Levant lakes on account of more evaporative, arid 

conditions (Torfstein et al., 2013; Kiro et al., 2017). Rather than global sea-level change it is 

the global and local climatic change, and its effect upon local vegetation and hydrology, which 

has the greatest impact upon lake-level. Gulf of Corinth lake levels in the Late Pleistocene are 

suggested to be in phase with global marine variability through highstand marine incursions 

(Collier, 1990; Armijo et al., 1996; McNeil et al., 2019a). However, there is limited independent 

control on lake-level during the Early-Mid Pleistocene, when the Gulf of Corinth was largely 

isolated (Gawthorpe et al., 2018; McNeill et al., 2019a). Retrogradation of the Ilias fan delta is 

observed during WX4 (Cullen et al., 2019), which the magnetostratigraphy of the study 

suggests developed synchronously with a substantial eustatic sea-level rise to the MIS25 

interglacial highstand. During MIS25, WX5 foresets prograde over, and downlap onto, WX4 

stratigraphy (Figure 5-11, Section 7). These observations suggest that Lake Corinth levels 

operated in phase with marine variability at this time. An in-phase lake-level variability for the 

Gulf of Corinth is also reasonable, given many of the catchments, particularly in the west of 

the rift, were affected by extensive montane glaciations during the Pleistocene (Pope et al., 

2017; Hughes & Woodward, 2017, Leontaritis et al., 2020). Therefore, they would have been 
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subject to increases in discharge from glacier melting, in the transition from glacials to 

interglacials, or reductions in discharge during glacier growth, in the transition from 

interlgacials to glaciations. The extent to which this was modified by higher overall precipitation 

during glacials (Leeder et al., 1998; Collier et al., 2000) is unclear, and may explain the fairly 

minor absolute magnitude (10 -15 m) of lake-level variability derived by Barrett et al. (2019) 

for the Early Pleistocene Gulf of Corinth. 

5.8.1.3 The Early-Mid Pleistocene Transition (MPT) 

The Early-Mid Pleistocene transition (MPT) occurs as global ice-volume and sea-level 

fluctuation changes from obliquity- (41 kyr frequency) to eccentricity-paced (100 kyr 

frequency) during the time interval from ~1.2 to ~0.7 Ma (Imbrie et al., 1993; Maslin & 

Ridgewell, 2005; Figure 5-11). Prior to the MPT, major vegetation changes are coherent with 

41 kyr cyclicity superimposed by more minor changes in vegetation paced by sub-41kyr 

frequency, precession paced changes. Vegetation changes become less coherent with global 

ice-volumes (and marine oxygen isotope records as a result) following the transition to 

eccentricity-forced global eustasy (Figure 5-11; Tzedakis et al., 2006). This is common in other 

Central/Eastern Mediterranean pollen records; Tenaghi Philipon, (Tzedakis et al., 2006); 

Rhodes, Greece (Joannin et al., 2007b); and Montalbano Jonico, Italy (Joannin et al., 2008). 

The Tenaghi Philipon record also has a significant increase in the magnitude of high-frequency 

(<41 kyr) precession-related variability through this transition (Maslin & Ridgewell, 2005, 

Tzedakis et al., 2006, Figure 5-11). Within the MIS 21 and MIS 19 interglacials, arboreal pollen 

changes of up to 85 % are recorded compared to Early Pleistocene interglacials where sub-

41 kyr frequency variability in arboreal pollen is typically between 25 – 40 %. Tzedakis et al. 

(2006) attribute this strengthening and increase in magnitude of precession paced (sub-41 

kyr) variability to a stronger influence of solar insolation at Mediterranean latitudes compared 

to the indirect tropical or high latitude effects driving eccentricity and obliquity paced climate 

change. Strengthening of high-magnitude, high-frequency variability means the sampling ‘rate’ 

required to effectively constrain vegetation variability becomes more difficult to achieve in a 

100-kyr climate. Especially in the deep-water where sedimentation rates are not constant, 

include quasi-instantaneous events (e.g. MTDs), or may have autogenic variability at similar 

frequencies (Jobe et al., 2017, Hajeck & Straub, 2017). 
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5.8.2 Early-Mid Pleistocene sediment supply variability in the West Xylokastro Fault 

Block 

 

Figure 5-13 Conceptual cartoons highlighting vegetation and climatic variability and the impact of this on the 
timing and calibre of sediment delivered to the deep-water realm. WXF - West Xylokastro Fault, LF - Likoporiá 

Fault, DF - Derveni Fault, CUBs - Convex Up Bodies (Chapter 4) 

WX2 and WX3 present the time of greatest sediment delivery to the deep-water depocenter 

of the West Xylokastro Fault Block, and is interpreted to occur during the glacial MIS 28 (Figure 

5-11, 11, 12B,C). Coarse sediment supply is also maintained in WX5 and WX6, deposited 

during the latter part of the MIS25 interglacial. Although sandstone-dominated, WX5 and WX6 

are more heterolithic than WX2 and WX3. In contrast, sediment supply and grain-size is 

substantially reduced within WX4, interpreted to have occurred during the latter part of the 
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transgression to the MIS25 interglacial (Figure 5-11, 11, 12a,d). The typical climatic model for 

the Mediterranean is that highest sediment supply occurred during glacials, with supply to the 

basin limited during interglacials by trapping of sediment within the catchment as a result of 

well-developed forest cover (Leeder et al., 1998; Collier et al., 2000, Tzedakis et al., 2006). 

Frequent winter storms during subsequent glacials may help to flush-out sediment stored in 

catchments, aided by open, steppe vegetation during glacials, that is less effective at trapping 

sediment within the catchment (Leeder et al., 1998; Marston 2010; Schmid et al., 2018). 

Conversely, an interglacial-driven supply model has been suggested where larger winter 

storms occur during interglacials on account of elevated ocean and atmospheric temperatures 

(Trenberth et al., 2003; Berg et al., 2013; Bates et al., 2014; Watkins et al., 2018), carrying out 

significant geomorphic ‘work’ in steep, short catchments; such as those surrounding the Gulf 

of Corinth (Watkins et al., 2018; Wagner et al., 2019). However, the effect of this may be 

balanced or moderated by forest cover reduction during glacials, or in particularly severe 

glacials, the extent of ice or periglacial ground conditions. Glacial periods of the Pleistocene 

in central Greece were often accompanied by montane glaciations (Smith et al., 1997; Hughes 

et al., 2006, 2007; Bathrellos et al., 2017a,b; Hughes & Wooodward, 2017; Leontaritis et al., 

2020). Whilst most of the Olvios drainage is unlikely to have suffered severe or full glaciation 

given its elevation below the equilibrium line for Pleistocene glaciations (Hughes & Woodward, 

2017; Leontaritis et al., 2020) the existence of extensive permafrost was likely, especially in 

its upper reaches  further inhibiting forest growth during glacials (Woodward et al., 1992; 

Hughes et al., 2007). Ice or permafrost coverage in the upper reaches of catchments can 

diminish supply through restricting discharge and the ‘effective’ size of the catchment 

(Armitage et al., 2011; Romans et al., 2016; Watkins et al., 2018). However, the extent to 

which this impacts a catchment is minimal, with freeze-thaw weathering identified as the 

primary mechanism through which enhanced erosion during Mediterranean glacials occurs 

(Italian Apennines – Tucker et al., 2011). The sediment produced through this can be flushed-

out of the catchment during minor stadials, or at the end of the glacial (Figure 5-13a, Figure 

5-14b,c; Hughes et al., 2007; Armitage et al., 2011; Tucker et al., 2011; Strachan et al., 2013; 

Cordier et al., 2017; Cao et al., 2018).  
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Figure 5-14 Conceptual cartoon models for sediment supply variability with Pleistocene climatic and vegetation 
changes in Mediterranean catchments
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The MIS 25 interglacial in the Gulf of Corinth represents an alternative form of Mediterranean 

interglacial, with semi-arid, lowland vegetation and partly forested mountains, contrary to 

typical widespread forest cover of most Pleistocene interglacials (Tzedakis et al., 2006; 

Joannin et al., 2007; Figure 5-13d, Figure 5-14a,d,e). In the G4 borehole record, this 

widespread forest cover is only seen during the preceding transgression rather than over the 

entire interglacial. The ~60 % reduction in arboreal pollen in the G4 record forms a discrepancy 

against the Tenaghi Philipon record (Tzedakis et al., 2006). Given this reduction is far greater 

than the variability within the Tenaghi Philipon record at this time, this is interpreted as a 

genuine reduction, rather than the sampling of high-frequency variability, typically of lower 

magnitudes (~+/- 10 - 15%), or ‘noise’ within the pollen signal. Such discrepancies may reflect 

the more northerly (~350 km), higher-altitude, inland location of Tenaghi Philipon, compared 

to the catchments feeding the WXFB shoreline at this time. The Tenaghi Philipon record shows 

a considerable lag time (~30 kyr) from the increase in δ18O following MIS25 before showing a 

reduction in arboreal pollen percentage. In contrast, the G4 record shows semi-arid conditions 

(Figure 5-11). Crucially, both the G4 and Tenaghi Philipon record show that vegetation/climate 

variability at this time is not strongly linked with global glacio-eustatic variability (Figure 5-11). 

This may suggest the climatic conditions of the MIS25 interglacial in the Mediterranean were 

protracted or altered compared to changes at higher latitudes impacting global sea-level 

variability. 

The atypical MIS25 Mediterranean interglacial provided enhanced sediment supply from 

catchments. High run-off is evidenced by the prevalence of nutrient-rich freshwater indicators 

like Bottryococcus and Spiniferites spp. in this part of the stratigraphy (Mudie et al., 2010). 

Large storms, in cool, wet winters likely eroded substantial volumes of sediment on dominantly 

steppe-like ‘scrub’ landscapes. Dry, hot summers are then interpreted to produce limited 

sediment delivery to the deep-water. This highly variable form of sediment delivery may 

explain the more heterolithic, but still largely coarse-grained character of interglacial/highstand 

units like WX5. This is similar to sediment delivery in the modern Gulf of Corinth, demonstrated 

by the frequency of cable breaks basinward of rivers during winter months following large 

storms (Heezen et al., 1966; Papadopoulos, 2003). Interglacials within the Quaternary, can 

be of varying severities and associated with entirely different weather patterns (e.g. jet-stream 

positions, Harrison et al., 1992) producing variable climate conditions. It is therefore 

recommended that interglacials, whilst warmer than their preceding or following glacial are not 

by default be treated as drier overall and should include the possibility of enhanced or reduced 

seasonality compared to other glacials or interglacials (e.g. Collier et al., 2000). 
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Ultimately, the model for interglacially-driven supply relies on large, basin-drainage changes 

being recorded as a ‘step-change’ in stratigraphy (Armitage et al., 2011, Watkins et al., 2018). 

In contrast, the glacially-driven model relies on the consistency and averaging effect of 

frequent storms common to Mediterranean glacials (Harrison et al., 1992, Collier et al., 2000). 

The climatic transition between glacials and interglacials has been poorly documented in 

deep-water syn-rift systems previously, with a focus on prevailing interglacial or glacial 

conditions given their greater time extent. However, the nature of the transitions from 

interglacials to glacials (and vice versa) are seen to be equally as important in interrupting 

sediment delivery from terrestrial catchments as lowstand/glacial or highstand/interglacial 

climate/vegetation conditions themselves (Armitage et al., 2013). It is proposed that both 

mechanisms (deforestation-aided glacial supply and highly seasonal interglacials) for supply 

enhancement were active in the Early-Mid Pleistocene WXFB. 

5.8.3 Palaeoenvironmental controls on deep-water syn-rift sedimentation 

The WXFB stratigraphy highlights that major climatic changes during global marine 

transgressions form the principal mechanism for inhibiting otherwise sustained sediment 

supply to the deep-water in rift settings. Conversely, sediment supply enhancement is typically 

associated with transitions into glacial periods, where deforestation of the catchment promotes 

reworking and export of sediment trapped within the catchment during the interglacial. To 

expect all systems to respond similarly may be unrealistic given well-documented examples 

of the transition to interglacials providing increased sediment supply through deglaciation of 

drainage catchments (e.g. Mississippi Fan Delta during Holocene transgression (Covault & 

Graham, 2010) and Armorican turbidite systems during the Last Glacial (20-15ka) warming 

(Toucanne et al., 2012). The manner in which a landscape and basin responds to changes 

from glacials to interglacials relies on the interaction and feedbacks between drainage 

physiography, the rate and nature of climatic and vegetation variability, and the oceanographic 

changes and shoreline processes (Hay et al., 2014; Dixon et al., 2012; Armitage et al., 2013; 

Bernhardt et al., 2016; Beckers et al., 2016; Romans et al., 2016; Rovere et al., 2016; Horsch 

& Fourniotis, 2017; Watkins et al., 2018; Pechlivanidou et al., 2018; Cosgrove et al. 2018). 

Such factors are intrinsic to and vary between different and within single basins which may be 

under different climatic regimes and hydrological fluctuations. 

The extreme narrowness or absence of shelves and lack of sediment storage in terrestrial 

settings along border faulted margins permits enhanced sensitivity of the deep-water realm to 

major cessations and triggers of sediment supply in the catchments from climatic changes 

(Burgess & Hovius, 1998; Carvajal & Steel, 2006; Covault & Graham 2010; Strachan et al., 

2013; Romans et al., 2016; Watkins et al., 2018; Zhang et al., 2019a,b). Counterintuitively 

however, small magnitude or high frequency (103 yrs) supply fluctuations may not be 
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represented as shutdowns of sediment supply in stratigraphy, or difficult to distinguish from 

structurally-controlled or autogenic lateral facies changes, because supply is so easily 

maintained to the deep-water across narrow shelves (Romans et al., 2016; Jobe et al., 2017; 

Hajek & Straub, 2017). Structural configuration will play a large role in determining the shelf 

physiography, and delivery to the deep-water. In the WXFB, where sediment supply is derived 

from the footwall catchment, high sediment supply across a narrow Gilbert fan delta topset 

(1.5 km long and ~3.5 km radius – Cullen et al., 2019) is interpreted to prevent the signals of 

minor changes in climate or lake-level be preserved in the stratigraphy as changes of 

lithofacies. However, a hanging wall dip-slope derived deep-water system may show a 

different relationship. Lower subsidence rates and shallower water depths typical of a hanging 

wall dip-slope, permit larger alluvial topsets or the development of low angle, subaqueous 

shelves (Gawthorpe et al., 1994; Collier & Gawthorpe, 1995, Henstra et al., 2016a, Figure 

5-14). This increases the potential for sediment storage and signal-shredding (Jerolmack & 

Paola, 2010) along the transport path prior to the deep-water realm, which may act to enhance 

the impact of high-frequency, low-magnitude, minor sediment flux reductions contrary to the 

maintained supply observed in the West Xylokastro. In the WXFB, it is only the largest climatic 

changes that produce widespread stratigraphic changes (sensu. Harris et al., 2018; Zhang et 

al., 2019a,b). Ultimately, this results in intra-formational and laterally extensive mudstone-

dominated shutdowns being rare amongst sustained coarse-grained supply but where 

present, are typically triggered by rapid and extensive forestation related to global glacio-

eustatic climate variability (Figure 5-14).  

  



2020 Chapter Five – Palaeoenvironmental Controls 163 

5.9 Conclusions 

Deep-water syn-rift sediment delivery relies on the complicated interplay of climate, 

vegetation, drainage arrangement, shelf physiography, and structural evolution. ‘Classical’ 

sequence stratigraphic models, which predict delivery restricted to lowstands or base-level 

falls, are shown to not sufficiently represent the variability in rift basin-fills. Typically, active rifts 

are dominated by narrow or absent shelves and as such their deep-water environments are 

sensitive to onshore changes in sediment flux, which may be linked to climatic variability. 

Vegetation changes coherent with global, orbital-forced climatic variability in the Early-Mid 

Pleistocene favour sediment delivery during glacial periods, and during semi-arid 

highstands/interglacial periods when high sediment supply is aided by large interglacial winter 

storms and a reduction in lowland forest cover. Coherence between vegetation and climate is 

persistent during the obliquity-controlled Early Pleistocene. However, vegetation fluctuations 

occur at higher temporal orders and magnitudes following the Early-Mid Pleistocene transition 

to eccentricity-paced glacioeustasy. In the West Xylokastro Fault Block in the Gulf of Corinth, 

deep-water syn-rift coarse-grained sediment delivery is only hindered during large magnitude 

warming events related to larger, eccentricity-paced transgressions, which promotes 

widespread forest cover that reduces catchment sediment yield. Different severities of glacial 

or interglacial episodes should, where possible be included in palaeoclimate models rather 

than binary dry interglacial-wet glacial models. The role of highly seasonal or wet interglacials 

may be important for triggering sediment release from onshore catchments into the deep-

water realm. The study highlights the variability of the stratigraphic signature of such signals, 

which can be interpreted using palynological data to discern palaeoenvironmental change 

despite the distal setting, and the typical coarse grain-size of the deep-water deposits in such 

systems. The study highlights the value of integrating chronostratigraphic interpretation with 

palynological and broader stratigraphic relationships to help discern the evolution of deep-

water syn-rift systems and provides new conceptual models for climatic control on deep-water 

sediment delivery.
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Coarse-grained clastic deep-water syn-rift systems are subject to a wide variety of depositional 

processes and products. A lack of outcrop-scale studies in deep-water syn-rift systems means that the 

interaction of flows with the complex and evolving bathymetry of syn-rift depocentres remains poorly 

documented. Therefore, there is limited published quantitative data available for the dimensions, 

character and controls of stratigraphic architecture within deep-water syn-rift deposits. Here, 7 exposure 

regions are documented with different palaeogeographic contexts along a ~8 km depositional tract from 

the Gilbert-delta bottomset to the basin floor, either side of a syn-depositional intra-basinal fault, which 

permits the spatial variability and controls on stratigraphic architecture to be documented. These 

examples highlight that the stratigraphic architecture of syn-rift depocentres are extremely 

heterogenous. High-concentration coarse-grained gravity flows are documented to be exported into the 

distal parts of the basin through intra-basinal acceleration, either as a result of stepped depositional 

profiles into the hanging wall of intra-basinal structures, or through strong lateral confinement from 

hanging wall synclines or transverse apron topography. Upon reaching the basin floor, composite 

gravity flow deposits form laterally extensive but internally complex fans, which exhibit varying degrees 

of lateral confinement and interaction with mass transport deposits and tectonic structures. Deep-water 

syn-rift deposits do not exhibit well-ordered, cyclic stratigraphic sequences and transition spatially from 

deposits similar to classical ‘fan-apron’ models, to more established hierarchical relationships within 

confined channel-fills. These transitions can be predicted through integration with structural mapping to 

interpret possible palaeobathymetric configurations, which forms the principal determining factor on the 

resultant stratigraphic architecture.  

Cover image: Field photograph taken from the Pyrgos Road of pebbly turbidite and debrite sandstones cut by a minor fault in the 

bottomsets of the Ilias delta, highlighting the substantial heterogeneity over small metre scale distances.  
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Chapter 6 - Spatial variability of flow processes and stratigraphic 

architecture in deep-water siliciclastic syn-rift settings 

6.1 Introduction 

Deep-water sediment gravity flow processes and deposits have received substantial and 

widespread attention for the past six decades, driven by both their widespread occurrence in 

exhumed and buried systems, and their economic importance as major hydrocarbon reservoirs. 

Since the work of Keunen (1951), Kuenen & Migliorini (1950) led to the development of the 

‘Bouma’ sequence (Bouma, 1962) our understanding of the processes and deposits of gravity 

currents has grown to encompass an array of flow types, sedimentary facies and stratal 

architectures (Middle & Hampton, 1973; Lowe, 1982; Kneller, 1995; Mulder & Alexander, 2001, 

Haughton et al., 2009; Talling et al., 2013; Cronin et al., 2018). Much of this has focussed on 

sand-rich to mud-rich flows, given their abundance and opportunity for direct observation (Talling 

et al., 2013; Symons et al., 2017; Hage et al., 2019). Very coarse-grained (gravelly to 

conglomeratic) gravity currents have received comparatively less attention, despite their 

common appearance in syn-rift stratigraphy. Cronin et al. (2018) highlight that since the works 

of Walker (1975), Lowe (1982), Postma (1986), Nemec & Steel (1984) the difficulties of direct 

monitoring, flow process characterisation and numerical modelling have meant facies and 

depositional models for these flows have remained unchanged for almost 20 years. This gap in 

understanding contrasts with the development of our understanding of hybrid event beds 

(Haughton et al., 2009; Hodgson, 2009, Fonnesu et al., 2015, Kane et al., 2017), mud-rich 

transitional flows and flow transformations (Lowe & Guy, 2000; Baas et al., 2009; Sumner et al., 

2009; Southern et al., 2017; Strachan et al., 2013) within finer-grained, albeit sand-rich, deposits 

and environments. Substantial advances in numerical modelling of gravity currents are similarly 

restricted to the finer-grained and low concentration end of the spectrum, and struggle to 

encompass the very broadly polydisperse grain-size ranges and high concentration typical of 

syn-rift deep-water flows and their deposits (Harris et al., 2002; Dorrell et al., 2013). 

Consequently, the behaviour of coarse-grained gravity flows has developed little beyond 

conceptual models of Postma (1984) and Sohn (2000) and physical models focussed on 

subaerial debris flow (e.g. Iverson, 1997). The investigation of the deposits of coarse-grained 

gravity flows is similarly complicated due to substantial amalgamation, a wide variety of flow 

characteristics and difficulty of event distinction in deposits. The “lithofabric” approach of Cronin 

et al. (2018) goes some way in addressing this. As highlighted in Strachan et al. (2013), this 

requires the support of outcrop-scale architectural studies and confidence in the 

tectonostratigraphic setting to interpret and predict depositional geometries confidently. 

However, currently, outcrop-scale architectural studies are rare within deep-water syn-rift 
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settings meaning the bed-scale sedimentary processes that control the development of 

stratigraphy are not constrained. 

At larger scales, the short-distance transition from terrestrial sediment input (e.g. Gilbert type 

fan deltas) to the deep-water has been documented in bathymetric datasets (Prior & Bornhold, 

1988, 1989; Gales et al., 2018; Vendettuoli et al., 2019). Compared to deep-water fans observed 

in the ancient record (e.g. Brae – Miller, Turner et al., 2018), bathymetric examples are 

comparatively small and commonly appear not to have large deep-water fans connected down-

dip of the immediate Gilbert delta bottomset. As a result, the translation and preservation of 

architectures observed on the seafloor into the stratigraphic record remain elusive. Qualitative 

and quantitative examples of the mesoscale stratigraphic architecture of deep-water syn-rift 

deposits where sediment supply and tectonic setting are constrained are rare (Leppard & 

Gawthorpe, 2006; Strachan et al., 2013; Henstra et al., 2016a; Muravchik et al., 2019), 

particularly compared to finer-grained systems, or passive margin and foreland basin systems 

(e.g. Hubbard et al., 2008; Tőkés & Patacci, 2018). For example, the otherwise comprehensive 

DMAKS (Deep Marine Architectural Knowledge System) analogue database only contains four 

case-studies listed under ‘extensional’ tectonic settings compared to 32 for passive margins and 

11 for active convergent margins (Cullis et al., 2019). Many of these have very different basin 

physiography compared to those typical of deep-water rift settings, which exhibit short, narrow 

fairways with steep axial and lateral gradients, producing complicated and variable confinement 

that evolves through time. Confinement from basin-floor bathymetry has been documented as 

impact gravity flow behaviour (Al Ja’aidi et al., 2004; Bakke et al., 2013; Patacci et al., 2014, 

2015), and as a result may modify or influence apparently autogenic variability within deep-water 

settings (Soutter et al., 2019). Characterisation of deep-water syn-rift deposits has relied mainly 

on fan-apron models for characterisation (e.g. Stow et al., 1982), which have limited translation 

into the stratigraphic record. However, more developed channel and lobe focussed depositional 

models are unlikely to represent the variability occurring in apron-style systems or if syn-rift 

depositional systems transition between the two. Therefore, it is difficult to appraise how 

applicable existing hierarchal architectural schemes, which rely on the complex interplay of 

autogenic and allogenic variability, can be applied to the narrow and variably confined fairways 

typical of deep-water syn-rift depocentres (Ravnås & Steel, 1998; Gawthorpe & Leeder, 2000; 

Sprague et al., 2005; McHargue et al., 2011; McArthur et al., 2016a,b; Cullis et al., 2018; 

Muravchik et al., 2019).  

This chapter seeks to constrain some of these unknowns using a suite of strike and dip 

exposures of a deep-water syn-rift depositional system in the West Xylokastro Fault Block of the 

Corinth Rift, Greece. Whilst this system has been described in earlier chapters at a regional-

scale (100s of metres to kilometres) with broad observations of depositional elements, the bed-



2020 Chapter Six – Stratigraphic Architecture 167 

to element-scale architecture has yet to be described or linked to the principal depositional 

processes. Here, integrating conventional fieldwork, 3D digital outcrop models, and core this 

chapter addresses the following inter-related questions: 

1. How do sedimentary processes in coarse-grained flows, and their interactions with 

bathymetry, influence the dispersal of coarse-grained material in deep-water fans?  

2. At what scale does intra-basinal bathymetry influence stratigraphic architecture, and is 

this consistent within syn-rift depositional settings? 

3. What are the dimensions and internal character of geobodies within the West Xylokastro 

depositional system, and do these form well-developed depositional architectures that 

follow a hierarchy of scales? 
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Figure 6-1 Location map highlighting the location of studied exposures within the West Xylokastro RDF (Blue 
boxes) and outcrop panel names and locations. 
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6.2 Geological Setting 

The West Xylokastro Fault Block (WXFB) (Figure 6-1) is a ~5 – 7 km wide fault block bound 

to the south by the West Xylokastro Fault (WXF) and to the north by the presently active 

Derveni and Likoporiá faults, and formed the southern margin of the Corinth rift during the 

Early-Mid Pleistocene (Rohais et al., 2008; Ford et al., 2016; Rohais & Moretti, 2017; 

Gawthorpe et al., 2018). The Evrostini and Ilias delta at the western tip of the WXF prograded 

into 300-600 m deep water and fed an axial-fairway eastwards towards Likoporiá, with minor 

inputs from a transverse fault-scarp apron (Rohais et al., 2007a,b; Ford et al., 2016; 

Gawthorpe et al., 2018; Rubi et al., 2018; Cullen et al., 2019). The West Xylokastro RDF 

stratigraphy can be split into two broad units; the “Lower WX” and “Upper WX”. The “Lower 

WX” comprises 6 sub-units, WX1 to WX6 which can be directly linked to architectures within 

the Ilias delta (Cullen et al., 2019/Chapter 4). The “Upper WX” (WX7 and WX8) is less 

continuous in exposure proximally but form considerable thicknesses of stratigraphy distally. 

WX1 represents a largely basin-wide mudstone dominated unit (Cullen et al., 2019). Units 

WX2 and WX3 represent substantial coarse-grained sediment supply. WX4 marks a reduction 

in coarse-grained supply, which returns during WX5 and WX6. Coarse-grained supply 

continues during the Upper WX, although it is more spatially and temporally variable than in 

WX2 and 3 (Cullen et al., 2019). During the deposition of the West Xylokastro RDF, fault 

activity migrated from the West Xylokastro Fault to the Likoporia Fault, changing the 

depocentre from a net-subsidence margin, to a net-uplift fault terrace (Cullen et al., 2019). 

This migration of fault activity propagated several minor faults through the fault-block, which 

produced a bathymetrically complex basin-floor, which likely influenced the distribution of 

gravity flows (Cullen et al., 2019). 

This chapter utilises a select group of exposures in the transition to the basin-floor of the West 

Xylokastro fault block (Figure 6-1). These exposures allow the investigation of the depositional 

processes and stratigraphic architecture in down dip transitions over ~3-4 km around a syn-

depositional intra-basinal fault (Minor Fault 1 in Figure 6-1, Cullen et al., 2019). Most exposure 

locations have depositional strike (N-S) and dip (E-W) oriented faces that permit an 

understanding of the 3D geometries. Chapter 4 places the Ligiá to Stómio exposures in the 

transition from the bottomset region of the Ilias delta to the basin-floor, which encompasses 

the region from Stomió to Skoupeikia. The Ligiá exposures present a structural dip of between 

14 and 18 degrees to the east representing the dip slope of the ramp into the hanging wall of 

Minor Fault 1. This dip shallows to the east from “Works Gully East” to Stómio, representing 

the central portion of the subsidiary depocentre. The immediate footwall crest of Minor Fault 

1 still maintains an eastward dip in response to the effect of the larger West Xylokastro Fault, 

but this is ~5 degrees shallower than that in the hanging wall of Minor Fault 1. The exact 
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position of Minor Fault 1 becomes unclear further east where it is buried by younger 

stratigraphy in largely vegetated exposure. However, a combination of highly fractured 

exposures, and a broad, shallow, E-W trending anticline, permit the interpretation a structure 

trending eastward at least as far as the Skoupeikia village (Figure 6-1). The Vyzantini and 

Skoupeikia exposures permit investigation of the architecture in the footwall side of Minor Fault 

1, and immediate hanging wall of the West Xylokastro Fault. The G4 borehole core (Appendix 

1) intersects a stratigraphic section from WX7 down to WX1 in this relay region.  

6.3 Data and Methods 

6.3.1 Fieldwork and core 

Conventional fieldwork was undertaken over three field seasons with in-situ observations, 

sedimentary logging, correlations and structural mapping to inform the generation of the facies 

and facies associations presented in this chapter. Return trips with digital outcrop model 

outputs permitted greater certainty in correlations and “ground-truthing” of digital outcrop 

observations.  

The fully cored G4 borehole was drilled in January 2018 to 172 m. Recovery was largely good 

with ~88% of the borehole achieving full recovery, except within unconsolidated conglomeratic 

sections, which had very poor to zero recovery. The core was slabbed and sampled for 

palynology and palaeomagnetic analysis (Chapter 5) and logged at a coarse resolution at a 

nearby storage unit before packing and transport to the Equinor core lab at Sandsli, Bergen 

for detailed (1:10 scale) sedimentary logging in July 2018.  

6.3.2 Digital outcrop modelling 

Digital outcrop models generated through UAV photogrammetry were used to assist with 

retrieving quantitative data and provide confidence in correlation in inaccessible portions of 

the study area. Models were generated in Agisoft Photoscan using a well-established 

methodology described in Chapter 2. Measurements of bedding, geobodies and pseudologs 

were retrieving using Agisoft Photoscan and LIME (Buckley et al., 2019). Higher-resolution 

models showing resolvable beds down to one or two centimetres, with coarser resolution or 

more poorly imaged parts of outcrop models typically resolving stratigraphy down to 50-100 

cm, which is avoided for fine-scaled characterisation. Digital outcrop model “pseudo logs” have 

been shown to provide suitable substitutes for field sedimentary for bed-set to element scale 

observations in several studies (Nesbit et al., 2018; Burnham & Hodgetts, 2019; Buckley et 

al., 2019). Information from field logs, outcrop observations and the G4 borehole can also be 

incorporated to ground truth observations and provide confidence in interpretation at the 

appropriate scales.  
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6.4 Facies, facies associations and depositional processes 

6.4.1 Facies 

Table 6-1 and Figure 6-2 summarise the facies descriptions for the stratigraphy examined in 

this study. Unlike other facies approaches, the wide variety of depositional processes typical 

of such coarse-grained systems (Cronin et al., 2018) means grouping of distinctive 

depositional fabrics or processes are required in order to maintain a scheme that is not overly 

complicated. Whilst a more elaborate scheme would be more encompassing of the variability 

that exists, the proposed scheme here offers a comprise between key differences for 

addressing the variability of the West Xylokastro RDF and offers useful comparison and export 

to other systems. 

Table 6-1 (Overleaf) Facies table comprising descriptions and depositional processes interpretations for the West 
Xylokastro RDF.
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Code Name Outcrop description Core Description (where significantly different from outcrop) Depositional process Interpretation 

FM1 Calcareous mudstones 

Calcareous mudstones, typically non-
fossiliferous with either a) pale-grey to buff 

colour, generally ‘massive’ structureless 
with poor outcrop condition but can often 

be cemented. Occasionally containing 
organic (plant) fragments; b) 5-10 cm 

laminated/bedded dark-pale grey with red 
horizons (0.5-1cm) with restricted 

bioturbation of Chondrites and Planolites 
or c) 5-10cm laminated pale-grey to buff 

silty mudstones with 1-5cm very-fine-fine 
sandstone horizons 

Calcareous mudstones, largely non-fossiliferous with a) amalgamated moderately to poorly 
sorted silty mudstones with diffuse bedding picked out as colour alterations between pale-grey 

and dark-grey at 50 cm – 150 cm scales. Intensely bioturbated (BI4-6) with a mottled texture of 
Chondrites, Planolites and other nematode traces. Occasionally ‘whispy’ bioturbated very fine-
fine organic rich sandstone layers up to 2 cm in thickness. Very rare, white 3-5cm wide 1-5mm 

thick gastropod shells. OR b) centrimetric to decametric bedded, occasionally mm laminated but 
often mottled silty mudstones with colour alteration between dark grey, pale, grey and buff 
colours. Rare thin (<1cm) ‘whispy’ sandstone layers. Bioturbation less intensive (BI:3 max) 

preserving stronger layering OR c) 5-10cm laminated pale-grey to buff poorly sorted silty 
mudstones with 1-5cm very fine-fine sandstone horizons separated by sharp grainsize break 

which is occasionally bioturbated by millimetric Chondrites. OR d) [not observed in outcrop]) 
millimetrically laminated mudstones with white laminae <1-1.5mm) 

Deposition from thin, fine-grained, dilute gravity currents (sensu. Boulesteix et al., 
2019) and minor hemilimnic fallout which in some cases is amalgamated and 

homogenised by bioturbation. 

FM2 
Poorly sorted, grey-

brown muddy siltstones 
with red horizons 

Grey/brown muddy siltstones with distinct 
red, (iron rich? - often mineralised) 

horizons ~1-5cm thick. Rarely show fossil 
content but can have plant remains 

Structureless to faintly laminated mudstones that can be rich in plant remains. Low to moderate 
bioturbation (1-4) characterised by Chondrites and sand-filled Planolites/Thalassinoides-type 

burrows. Bed boundaries typically sharp or rarely gradational. 

Deposition from thin, fine-grained grained, dilute gravity currents (sensu. 
Boulesteix et al., 2019). 

FC1a 
Mud-matrix supported 
conglomerate/Pebbly 

mudstone 

Pale grey - buff mudstones with matrix supported sub-angular to well-rounded gravely/pebbles to small cobbles and sedimentary 
intraclasts. Clasts show little to no imbrication or preferential orientation but are occasionally found in clusters on account of variable 
matrix support. Grain size trends variable laterally with clast distribution. Mudstone matrix can preserve inclined and contorted fabrics. 
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 Deposition through decreasing shear stress below yield strength of cohesive 
matrix – e.g. cohesive debris flow (Iverson et al., 2010), 

FC1b 
Massive, clast 

supported conglomerate 
with polydisperse matrix 

Massive, clast-supported conglomerates. Clast sizes range from small pebbles to boulders, with limestone, chert, metamorphic and 
sedimentary extrabasinal clasts and silt/mud intraclasts up to 0.5 m in size. Sub-rounded to well-rounded small pebbles to large, 

rounded-subangular cobbles in poorly sorted matrix comprising mud to very coarse sand. Typically, poorly preserved in core. 

Deposition by a highly concentrated granular or low-cohesion/frictional debris 
flow (Lowe, 1982) 

FC1c 

Massive Coarse matrix 
supported 

conglomerate/pebbly 
sandstone 

Massive, matrix supported/loose contact conglomerate with coarse sand-rich matrix. Clasts are small-large sub-angular to well-
rounded pebbles of Ilias assemblages in varying concentration/matrix support. Intra-clasts also common up to boulder sizes. Clasts 

show no or weak imbrication with preferential alignment of long axes down-flow. Variably preserved in core. 
Deposition by highly concentrated frictional debris flow (Lowe, 1984) 

FC1d 
Inversely graded, clast 

supported conglomerate 
with polydisperse matrix 

Inversely graded clast supported conglomerate (sub-angular to rounded small pebbles-cobbles) with matrix comprising a range of 
grainsizes from clay through to granules. Rare imbrication with long-axis transverse to flow is observed at the tops of beds. 

Deposition by a highly concentrated granular or frictional debris flow with 
occasional reworking of bed tops (Postma, 1984; Gobo et al., 2014; Cronin et al., 

2018) 

FCe 

Normally graded or 
massive, variable coarse 

matrix supported 
conglomerate 

Normally graded, occasionally internally stratified, sand-rich matrix supported conglomerate with random a-orientation/weak 
imbrication of clasts ranging from small pebbles to small cobbles. Can grade upward and fluctuate between fine sandstone, with 

gravel/pebble-rich cross lamination in upper part 

Deposition by frequently collapsing traction carpets in highly concentrated 
granular or low cohesion, sand-rich basal high concentration layers at the base of 
bi-partite gravelly high density turbidites (Lowe, 1982; Sohn, 1997; Sohn et al., 1999; 

Cronin et al., 2018) 

FCf 

Open framework or 
gravel-supported small-

large pebbles and 
gravels 

Open framework, granules/small-large pebbles often in horizons of thickness equal to the largest clast. Clasts sometimes aligned or 
arranged in clusters. Vary from densely packed, gravel and pebbles through to isolated clusters of open framework pebbles/cobbles 

Basal, tractional lags of largely bypassing flows (Stevenson et al., 2015, Cronin et 
al., 2018), dropping out of especially large clasts  in ‘cluster bedforms’ (Brayshaw, 

1984) through obstruction-aided deposition. 

FC2 
Massive, medium-
coarse sandstones 

Massive, ‘structureless’, medium, 
moderately sorted sandstones. Bases can 

be erosional or non-erosional. Organic 
fragments including wood pieces up to 3-5 

cm are very common. Occasional small 
pebble sized mud-chips. 

Largely structureless medium, moderately to poorly sorted sandstones. Bases can be erosional 
or non-erosional. High proportion of organic fragments with wood pieces common. Mud chips 

also common. Upper and lower few cms of beds can show slight fining, coarsening up 
respectively to/from very fine sands. 

Rapid deposition/aggradation of material from highly concentrated flows (Lowe, 
1982; Kneller & Branney, 1995) 

FC3 Fining sandstones 
(gravel-medium-fine) 

A) Thin (<2 cm) b) Fining upward sandstones from max: gravel (sometimes with pebbles to min: fs. Typically, 5cm-40cm. Commonly with
mud clasts ~2-3cm from base. Typically, with well-developed planar lamination in upper part or occasional cross-lamination 

Slowly aggrading deposits of highly concentrated, polydisperse flows (Lowe, 1982; 
Postma, 1984) 

FC4 Intra-clast rich 
sandstones 

Medium - gravelly/coarse sandstones with small pebble to cobble sized, angular to sub angular mud/silt intraclasts dispersed throughout the 
bed. Rarely graded. 

Deposition either by en-masse ‘freezing’ of highly concentrated, laminar flows 
(Iverson 1997) to transitional flow behavior (Baas et al., 2009, Sumner et al., 2012) 

FC5 
Cross-rippled 

sandstones 
Cross laminated fine sandstones and siltstones in beds ~5-15 cm thick. Cross-ripples often highlighted by organic material which is 

preferentially aligned with foreset laminae. 
Sustained tractional reworking by overriding flow or during waning phase of 

deposition 

FC6 
Climbing rippled 

siltstones and fine 
sandstones 

Fine sands and siltstones showing well developed climbing ripples. Wavelengths are typically 15-20cm. Tractional reworking and high rates of aggradation (Jobe et al., 2011) 

FC7 
Starved ripple siltstones 

and very fine 
sandstones 

<0.5- 5 cm alternations of very fine sands and siltstones forming trains of starved, weakly asymmetrical ripples draped by silty mudstones and 
mudstones. Maximum thicknesses of rippled layers are ~0.5-5cm with equally thick mudstone drapes. Ripple wavelengths ~5cm to 30 cm. 

Tractional reworking of thin, dilute, fine-grained, unsteady flows with limited 
aggradation (Talling et al., 2007; McArthur et al., 2019) 

FD1 Deformed heterolithics 
Sandstones, mudstones and conglomerates deformed through convolute bedding, folding and faulting over scales of metres with bedding well 

preserved 
En-masse deposition of cohesive and competent material as a slump or slide 

(Postma, 1984; Strachan 2008) 

FD2 Deformed mudstones Convolute laminated/bedded or folded mudstones/siltstones 
En-masse deposition of cohesive and competent material as a slump or slide 

(Postma, 1984; Strachan 2008) or where localised and overlain by thick, chaotic 
deposits syn-depositional substrate deformation (Butler et al., 2016) 

FD3 
Chaotic, blocky, 

polymicts 
Disaggregated polymicts of conglomeratic large boulder sized intraclasts of sandstones, conglomerates and mud-rich matrix. Occasionally 

contorted but typically no layering to highlight deformation. 
Large, strong flows likely transitional between full cohesion-dominated debris 

flows and fluidal, hyperconcentrated flows (Iverson, 1997; Strachan, 2008) 
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Figure 4-2 Facies photographs for the facies scheme of the West Xylokastro RDF. See Table 6-1 for descriptions 
and interpretations. Lens cap is 48 mm wide. Yellow and black alternations on rule are 20 cm (cont. overleaf). 
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Figure 6 – 2 cont. 
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6.4.2 Facies associations 

Table 6-2 summarises the facies associations or “facies groups” that are used in describing 

the depositional architecture of the stratigraphy in this study. The spatial variability of facies 

associations means many facies associations show gradual transitions into other facies 

associations (Figure 6-3) with example 1D expressions to highlight the potential similarities 

and differences in the log expression of such facies associations. These facies associations, 

whilst indicative of typical depositional products and processes, are non-unique to given sub-

environments and are therefore named in descriptive terms where possible to avoid overtly 

imposing environmental interpretation on them. As with the facies descriptions, to avoid a 

cumbersome scheme and over-classification, some facies associations group together what 

can be considerable internal variability.  

Table 6-2 (overleaf) Facies association table comprising; constituent facies, descriptions and processes 
interpretations within the West Xylokastro RDF.
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Code Name 
Facies (listed 

most common to 
least (minor)) 

Description 
Observed 

Transitions 
Interpretation 

FA1(a) 
Fine grained thin 
bedded intervals 

FM1, FM2, FC3 

Mudstones and siltstones in packages, typically 0.5 to 10m thick. Commonly 
laterally extensive to 300 – 500m or rarely regionally expensive (multiple 

kilometres).Typically bioturbated to the extent where <centimetric layering is 
not readily preserved other than when picked out by thin (<2cm), poorly 

preserved fine sand horizons. 

FA1b, FA1c, 
FA4b 

Deposition in off-axis/fringe and distal locations from thin dilute turbidity 
currents and settling from plumes (Boulesteix et al., 2019) 

FA1(b) 
Laminated 

mudstones and 
siltstones 

FM1, FM2 

Mudstones and siltstones with millimetric to centrimetric lamination 
preserved. Commonly laterally extensive to 10s of metres. Non-bioturbated 

or very weak Chondrites and Planolites. Lamination highlighted by variations 
in colour from grain-size or cements. Laminae occasionally with flamed or 

rippled tops. 

FA1a, FA4b, 
FA1c 

Deposition in distal fringes from very thin dilute turbidity currents 
(Boulesteix et al., 2019) or hemilimnic deposition.  

FA1(c) 
Ripple laminated 

siltstones and 
mudstones 

FM1, FM2, FC7, 
FC6, FC3 

Interbedded mudstones and siltstones with well-developed successions of 
rippled siltstones and fine sandstones 

FA1a,FA1b, 
FA4b 

Fringe depositional from dilute turbidity currents with prolonged 
aggradation and traction possibly on rapid loss of confinement and 
associated flow collapse (McArthur et al. 2019), more proximal than 

FA1. 

FA2(a) 
Stacked 

conglomerates 

FC1c, FC1b, FC1e, 
FC1g, FC1h, FC1f, 
FC1d, (FD3, FC1i, 
FC1a, FM1,FM2) 

Stacked, stratified, successions of conglomeratic deposits, typically bedded 
at 0.3-1 m scales, laterally extensive (up to 500 m) with bedding tabular but 
amalgamated in places making distinction rom FA5 difficult. Occasionally 
separated by thin (<0.2 m ) mudstone intervals which may be deformed. 

FA2b, FA3a, 
FA5 

High concentration debris flows with minor, mud-rich turbulent 
overriding flows from ambient water entrainment at flow edges (Iverson 

et al., 2001; Sohn et al., 2002) 

FA2(b) 
Stacked pebbly 

sandstones 
FC1h, FC1g FC1c, 

FC1d 

Stacked, stratified successions of debrite dominated pebbly conglomerates 
and gravelly sandstones, typically bedded at 0.1-0.5 m scales, laterally 
extensive up to 200 m. Bedding style variable but typically lens-like, but 

occasionally tabular.  

FA2a,  
Repeated high concentration, sand-rich turbulent flows and sand-rich 

debrities of polydisperse sediment mixtures (Walker, 1975; Lowe, 
1982; Cronin et al., 2018) 

FA2(c) 
Chaotic, graded, 
conglomerates 

FC1b, Fc1c, FC1e, 
transition vertically 

into FC1h, and 
FD1,FD2 or FD3 

Massive or chaotic conglomerates with very high clast concentrations and 
polydisperse matrix which grade (normally) into chaotic or deformed 

heterolithic or sandstone rich upper parts. Basal part can vary from clast-
supported large-pebble/cobble grade conglomerates with sandy matrices to 
poorly sorted gravels. Typically 30 cm – 2 m thick, with largely tabular but 

variable bedding style. 

FA2a,b, 
FA5. 

Deposition from high concentration, bi-partite flows with a granular to 
transitional, lower, portion and upper cohesive debris flow portion 
(sensu. Postma, 1984, Haughton et al., 2009, Bozetti et al., 2018; 

Cronin et al., 2018)  

FA3(a) 

Interbedded 
conglomerate lenses 

and poorly sorted 
siltstones and fine 

sandstones 

FC1b, FC1c, FC1d, 
FC1e, FC1g, (FD1, 

FD2, FC1a) 

Laterally extensive (50 – 200 m), convex up in dip and strike section, flat-
based conglomeratic lenses (0.2- 0.6 m thick) interbedded with poorly sorted 

siltstones and fine laminated to rippled sandstones. Fine-grained intervals 
vary in thickness (typically 0.1 – 0.7 m thick) with conglomeratic lens 

topography 

FA3b, FA2a, 
FA2b 

Deposition from high concentration, bi-partite flows with a lower debrite 
portion, and de-coupled upper sand-rich portion of the flow (modified 
from Lowe (1982), Postma (1984), Gobo et al., 2014; Cronin et al., 

2018 – “Bi-Modal HDT Couplets”) 

FA3(b) 

Poorly sorted 
siltstones and 

sandstones with thin 
gravels 

FC7, FC5, FC6, 
FC3,FC1i , (FD1, 

FD2, FM2) 

0.5 – 2 m intervals of poorly sorted, siltstones and fine sandstones, with 
occasional thin (<5 cm) gravel horizons which are laterally extensive and can 

thicken into conglomerate lenses of FA3a or transition into fine grained 
intervals. 

FA3a, FA1a, 
FA1b 

Conglomeratic/gravel lags left during bypass of larger volume flow 
events (Stevenson et al., 2015; Cronin et al., 2018 ‘Smoking Gun’)  

Or 
Distal/furthest deposition of gravel/pebble rich portion of polydisperse, 

bi-modal flows reflecting the distal gravel transport threshold. 

FA4(a) 

Interbedded tabular 
gravelly sandstones , 

sandstones and 
siltstones 

FC2, FC3, FC4, 
FC5, FD1, FC1i 

Tabular massive or fining up turbidite sandstones (0.2 – 1 m thick) 
interbedded with ~<0.5 m intervals of siltstones and thin sandstones (FA4b).  

FA4b 
Deposition of sand-rich or gravel-rich high density turbidity currents 

(Lowe, 1982) and lower density dilute turbidity currents 

FA4(b)* 

Heterolithic, thinly 
bedded sandstone 

siltstone rich 
packages 

FC3, FC4, FC5, 
FC6, FC7, FD1, 

FD2 

Intervals (0.2- 2 m thick) of siltstone-sandstone couplets (2 cm-5 cm) 
separated by sharp grain-size breaks, occasionally interbedded with thin 

fining up turbidite sandstones (up to 0.2 m) and occasional debritic or 
deformed intervals. Highly transitional to FA4a or often nested within FA4a. 

FA1a, FA1b, 
FA4a 

Thin, dilute turbidity currents of proximal or relatively high energy 
background sedimentation in off-axis or medial to distal transition (Mutti 

et al., 1992; Omoniyi et al., 2018, Stow & Omoniyi, 2018)  

FA5 
Amalgamated 

stacked sandstones 
FC2, FC3, FC4 

0.2-3 m intervals of amalgamated or stacked sandstone rich successions of 
massive/structureless sandstones, or mud-clast rich sandstones with 

occasional heterolithic or hybrid event events. Transition from FA5a entirely 
amalgamated sands to FA5b, thick massive sandstones with thin (<10 cm) 

intervening siltstones. 

FA4a,b, 
FA6, FA2a,b 

High energy, high density largely turbulent flows in axial to off-axial 
locations or in zones of rapid flow-arrest (MacDonald et al., 2011; 

Spychala et al., 2017; Soutter et al., 2019) 

FA6 
Massive 

conglomerates 
FC1i, FC1h, FD3, 

FC1c, FC1b 

Massive, conglomerate successions with either no defined bedding, or highly 
amalgamated and laterally variable or multi-stage erosional bedding. 

Typically restricted lateral extent (< 200 m) although can be of longer run-out 
in some cases but can stack as multiple massive conglomerate successions 

in bedded packages 

FA2a 
Deposition by en-masse freezing of large, chaotic, highly concentrated 

debris flows (Bozetti et al., 2018) 

FA7 Deformed intervals FD1, FD2, FD3 
Competent to disaggregated deformed stratigraphy of slides, slumps and 

thick debrites, intervals varying 
FA6, 

FA2,FA3 
Deposition or remobilisation through cohesive mass transport 

mechanisms or very large debris flows. 
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Figure 4-3 Facies association photographs for the facies association scheme of the West Xyloakastro RDF. 
Black arrows indicate transitional changes observed laterally in the field. (Continued overleaf). 
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Figure 6-3 Continued. 
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6.5 Depositional architecture 

The facies and facies associations summarised above are used to describe several exposures 

split into two principal groups; i) deposits within the Gilbert delta bottomset and footwall of 

Minor fault 1, and ii) deposits related to, or within, the hanging wall of Minor Fault 1. 

6.5.1 Gilbert delta bottomset: Xelidori Chute Complex 

The bottomsets of the Ilias delta record a variety of depositional processes and depositional 

architectures (Rohais et al., 2007a,b; Gobo et al., 2014; 2015; Rubi et al., 2018; Cullen et al., 

2019/Chapter 4). Many of these record the deposition of sediment at the foreset-bottomset 

transition, either as isolated chaotic convex-up bodies (CUBs in Chapter 4) or more distributed 

fields of conglomeratic bar forms interbedded with small, complex, sand-rich turbidite aprons 

(Chapter 4). However, more bypass-dominated conduits have not been documented or 

considered in terms of their importance on sediment delivery beyond the foreset-bottomset 

transition. 

Description 

Figure 6-4 highlights exposures near Xelidori (Figure 6-1) in the immediate bottomsets of the 

Ilias delta Figure 6-4a summarises observations in the approximately depositional strike 

section, which highlights a succession of winged or lens-like geobodies comprising a variety 

of very coarse-grained, massive conglomeratic deposits of FA6, amalgamated sandstones 

(FA5), interbedded conglomerates and pebbly sandstones (FA2) and thin 

gravels/conglomerates interbedded with fine-sandstones and siltstones (FA3b). Most of these 

deposits pass laterally to interbedded sandstone and siltstone (FA4a and FA4b) deposits. 

More minor occurrences of laterally restricted slumps are also observed (FA7 comprising 

FD2). Most surfaces are overlain by coarse-grained deposits (debrites of FA6, FA2), typically 

restricted to the central, concave-up parts of surfaces, and are overlain by sand-rich 

successions of FA3, FA4 and FA5, which also fine-laterally onto the wings. The exception to 

this is the fill above scour surfaces 6 and 8 (Figure 6-4a) and 50, which host thinner 

conglomeratic and gravel-rich horizons interbedded with siltstones and fine-sandstones that 

commonly form wave-like geometries (FA3b), passing laterally into sandstone-rich FA5 

margins and FA4 overbank/wings. Thicknesses of these geobodies in the strike section 

observed (Figure 6-4a) (i.e. between numbered surfaces) vary from 0.7m – 5.0 m. The 

effective width of these bodies (i.e. excluding winged portions) varies between ~25 m to ~120 

m. However, given the winged geometry these geobodies, their width is challenging to 

constrain as they amalgamate with bounding deposits in the apron ahead of the Ilias delta. 

Convexities within the cliff face at Xelidori, highlight limited dip sections of these architectures, 
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with some geobodies observed to abruptly thin (by ~50% over distances of 50 m) in a 

basinward direction with a 10° southwestward dip (back-towards the foresets) (Figure 6-4b). 

Figure 6-4 (overleaf) Exposures at Xelidori, south of Mentourgianikia. A) Unannotated and annotated outcrop 
photopanel line drawing highlighting facies association distribution and principal scour surfaces (numbered 

surfaces). B) UAV photograph showing backste backstepping and basinward thinning nature of individual scour 
fills within the Xelidori Chute.  
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Figure 6-5 (Previous page): Dip section exposures ~ 100 m downdip of the strike section Xelidori Chute 
exposures highlighting A) Mesoscale lensoid scour-fill geometries and tentative correlations of major scour 
surfaces. B) Variations in scour fill character and typical progression of conglomeratic basal fill through to 

supercritical bedform development in base of slope scout/chute fills. C) Facies/Bed-scale architecture of complex, 
conglomeratic back-stepping “chute and pool” deposits. E) Sedimentary log through two principal styles of scour 

fill observed in the Xeliodri exposures, note the scale change near the top. 

The exposures in Figure 6-5 document a change from an NNE ~22° dipping foresets ~120 m 

to the south of the exposure, to a 10° SSW dip. This 10°, southward dip (Figure 6-4b) is locally 

enhanced in places by backstepping stratigraphic relationships and down-system thinning of 

individual scour-fills in the bottomset. The down-system thinning generates a dip morphology 

of an asymmetric u-shape, similar to the dip section of a flute on a larger scale.  

One hundred and seventy-five metres downdip of the exposures in Figure 4, a ~120 m long 

dip-section (Figure 6-5) highlights the dip-section complexity of the foreset-bottomset 

transition of the Ilias delta in this region. Individual scour surfaces, and higher-order variability 

are challenging to correlate to those in Figure 6-4 due to varying degrees of amalgamation 

and separation over a relatively short distance (~120 m). Only major surfaces (surface 6, 50, 

60 and 90) could be confidently correlated. Similar sub-metre scales of variability in facies 

association are observed in dip-section as in strike-section. Surface 6 in this location hosts a 

~4.5 m thick cross-stratified conglomerate typical of FA6, which is mainly overlain by 

heterolithic but siltstone-rich FA3b and subordinate amalgamated and chaotic sandstones of 

FA5a. The motif of thick amalgamated stratified conglomerate returns on a surface (35) 

tentatively projected between 30 and 40 which is also overlain by a fining up, but sand-rich 

and chaotic stratigraphy. This succession is commonly observed in the upper parts of 

geobodies delineated by scours, which themselves generate a backstepping fabric at a larger 

hierarchical level (i.e. ~50 m x 120 m cliff of Figure 6-5a). However, this is not consistent, and 

scours can amalgamate or condense laterally. A fining upwards motif also occurs at bed/bed-

set scales, as demonstrated between surfaces 50 and 60, where back-stepping, ‘slug-shaped’ 

lenses of conglomeratic deposits of FA2a and FA3a fine up-dip and vertically into fine-

sandstones and siltstones with thin gravels of FA3b (Figure 6-5b). FA3b occurrences display 

~5-7 m wavelength, southward migrating (up-dip) bedforms. Below surface 6 (Figure 

6-5a,c,d,e), multiple, smaller-scale (<5 m thick) subsidiary geobodies are filled with small scale 

bedforms comprising backstepping, imbricated conglomerates and reworked fine sands and 

siltstones. In log section (0 – 4 m of Figure 6-5e), these can be difficult to distinguish from 

more tabular conglomeratic debrites with interbedded sandstones, and it is only their outcrop 

geometry that highlights their lateral changes and morphology. Both the larger (50 m long x 5 

m thick x 100s m wide) and subsidiary (1-2 m long x 0.2-0.5 m thick x 10s m wide) geobodies 

present fining-upward motifs with a basal conglomeratic or pebbly sandstone portion with well-

developed, imbricated, backsets and overall “slug-like” geometry in dip-section. The 
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subsidiary bodies observed at the base of the Xelidori sequence then grade into similar 

dimensions of siltstones and fine sandstones, often with deformation or reworked into ripples 

or waves. Individual bed-sets of this pairing rarely exceed 0.5 m thick, but stack to form 

composite bodies bound by basal scoop-shaped surfaces, which amalgamate both up- and 

down-dip forming complex lens-like geometries in packages up to 5 – 10 m thick (e.g. sub-

surface 6 in Figure 6-5a). Contrary to this, thicker geobodies comprise coarser-grained (cobble 

grade) up to 5 m thick conglomeratic barforms, which grade into amalgamated, chaotic and 

internally scoured sandstones (FA5 comprising mainly FC2). These sandstones grade into 

well-developed trains of up-dip migrating bedforms comprising fine sandstones and siltstones 

with rare gravels (FA3b) sometimes separated from the underlying amalgamated sands by 

sheared intervals (Figure 6-5b). 

Interpretation 

The Xelidori exposures exhibit features and scales typical of scour-fills and related hydraulic 

jumps observed at the base of delta slope chutes in bathymetric data (e.g. Squamish delta, 

Prior & Bornhold, 1988; Gales et al., 2018; Vendettuoli et al., 2019) and in channel-lobe 

transition zones or overspill in both the coarse-grained and finer-grained the stratigraphic 

record (Hofstra et al., 2015; Lang et al., 2017; Brooks et al., 2018a). As a result, the Xelidori 

exposures are interpreted to record the evolution of base-of-slope scours at the foreset-

bottomset transition, to form a ‘scour- ‘or ‘chute-complex’ (Figure 6-6a). Large flows (e.g. those 

from onshore flood events) generate highly erosive debris flows, which scour the base of slope 

(Figure 6-6b). Such flows go through a chaotic or jet-like hydraulic jump generated at the base 

of slope (Komar 1971), which promotes the dropping out of sediment from a waning, 

hyperconcentrated debris flow, which undergoes transformation during both the hydraulic 

jump and progressive deposition of material (Fisher, 1983; Waltham, 2004; Strachan et al., 

2008). During this transformation, the up-dip portion of the scour-fill largely remains non-

depositional, with much of the deposition taking place slightly down-dip with the building of a 

back-stepping conglomeratic bar (Figure 6-6). The sediment bypass-dominated zone 

(Stevenson et al., 2015) at the immediate base of slope where lensoidal deposits form has 

been documented in physical modelling of deposition at the base of the slope (Pohl et al., 

2020; Ferguson et al., 2020). Back-stepping and imbricate fabrics likely represent the 

cumulative stacking of clasts at the base of waning hyperconcentrated flows against both 

underlying conglomeratic bars and general scoop-like morphology of scour surfaces. Iverson 

(1997) highlighted in experimental work on debris flows that many typically have spatially 

variable rheologies to become composite with a non-saturated debris-laden/clast-rich head, 

pushed by a central hyperconcentrated flow region, which itself is typically followed by more 

fluidal, (although still highly concentrated) flow region. Flood discharges of rivers typical of 
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Gilbert type fan deltas of Gulf of Corinth drainages are likely well in excess of the density 

threshold for continuing as bottom-hugging gravity currents once they exit river mouths, and 

on a relatively steep foreset likely achieve high velocities (Hage et al., 2019; Watkins et al., 

2020). Where larger scour-fill successions continue from a basal conglomeratic deposit and 

transitions through amalgamated scoured sands and up-dip migrating bedforms this is 

interpreted to represent a single flood ‘event’ of a relatively long-lived, fluvially-derived 

composite debris flow.  

Back-stepping antidunes and cyclic-steps are types of super-critical bedforms, which is in 

concordance with models for the zone of over which a hydraulic jump occurs. The observed 

succession shows many similarities to jet-like hydraulic jumps at base-of-slope scours or 

chutes in other river-derived gravity current systems (Ponce & Carmona, 2011; Postma et al., 

2014; Postma & Cartingy, 2014; Hughes Clarke, 2016; Dietrich et al., 2016; Lang et al., 2017; 

Gales et al., 2018; Pohl et al., 2020). Fluctuations in the run-out distance of conglomeratic 

portions of the flow (i.e. into more distal sheet-like lobes vs chute-confined conglomerates) are 

interpreted to reflect a combination of flow input magnitude but also the magnitude of the 

hydraulic jump at the base of slope (Figure 6-6b; Postma et al., 2020; Pohl et al., 2020). Abrupt 

changes in slope gradient promote chaotic conglomerate deposition, possibly through 

capacity-driven deposition of a hyperconcentrated flow (sensu. Hiscott, 1994; Ponce & 

Carmona, 2011). The conglomeratic component of the flow will deposit closer to the base-of 

slope, and finer-grained parts of the flow bypassing and depositing further-downdip. 

Alternatively, a more gradual change of slope gradient at the base of slope may be recorded 

by thin-packages of FA3b with the deposition of thin ‘lags’ representing flows that eroded and 

bypassed, with finer-grained interbeds that represent the deposits of low-density tails of flows 

that correlate downdip to thick accumulations of conglomeratic “bars” and lobes (e.g. Pohl et 

al., 2020). 
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Figure 6-6 Fence diagram and evolution cartoon of the interpretation of correlation, setting and evolution of the 
Xelidori chute-fills. 
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6.5.2 Bottomset: “Pyrgos Road Channels” 

Chute complexes described at Xelidori reflect the distribution of sediment from the foreset 

forming conglomeratic lobes ~1-2 km within the bottomset as connected chute-lobe systems. 

Chute-lobe systems, and amalgamated aprons of base-of-slope lobes and mass transport 

deposits, dominate the stratigraphy in the Mentourgianikia Valley and lower part of the Pyrgos 

Road (Chapter 4). However, more developed channel systems, with discernible basal 

surfaces and prolonged dip-extents are present in the southernmost portion of the upper 

Mentourgianikia Valley near the Pyrgos Road (Figure 6-1, Figure 6-7). 

Description  

Figure 6-7a shows an overview of exposures in the bottomset of the Ilias delta in the south-

eastern Mentourgiankia Valley (Figure 6-1). In the upper part of WX3 (Chapter 4/Cullen et al., 

2019), a small segment of exposure highlights a ~7° angular discordance in dip between 

underlying FA4 (a,b) dominated stratigraphy, and gravelly/pebbly sandstone (FA5) dominated 

stratigraphy (with subordinate FA4a), which gradually fines upwards into interbedded 

siltstones and sandstones (FA4b) and mudstones (FA1) (Figure 6-7b,c). Nearby exposures 

(<20 m) at similar stratigraphic levels highlight sandstones rich in intra-basinal clasts within 

amalgamated sandstone (FA5) successions, and thin (5-10 cm thick) conglomeratic horizons 

(FA3b), indicative of periods of dominantly bypass and up-dip erosion. Palaeocurrent 

measurements from nearby exposures at similar stratigraphic levels indicate palaeoflows 

broadly to the east (Figure 6-7d) in agreement with a northward dipping laterally confining 

slope (Figure 6-7b,c). 

Figure 6-7 (overleaf) A) UAV photograph of exposures to the south of Xelidori near the Pyrgos Road providing 
stratigraphic context for two channelised forms. B) Structural measurements made from the Pyrgos Road digital 

outcrop model demonstrating dip changes associated with the dip section of the channel exposure, C. D) 3D 
digital outcrop model highlighting identification of a broad channel-fill bounding surface which can be correlated 
from a roadside, dip-section exposure into a steep gully. E) Location Map highlighting the location and elevation 
of nearby stratigraphically equivalent palaeocurrent measurements confirming the eastward trend of the channel 

fills. 
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At higher stratigraphic levels (WX5 and WX6), another angular discordance (~11.2°) is 

observed within a road-side and gully exposure adjacent to the Pyrgos Road (Figure 6-7d,e, 

6-8, 6-9). This is most clearly observed across the major bounding-surface (dashed yellow 

line in Figure 6-7d), but these angular changes are progressive in the underlying stratigraphy 

with slight dip changes into vegetated exposure. These SE dips correlate to steeply north-

dipping deposits to the south-east of the Pyrgos Road along the West Xylokastro Fault Scarp 

and mark a ~8 km long, ~E-W trending hanging-wall syncline and interaction between the 

transverse and axial systems (Cullen et al., 2019/Chapter 4). This bathymetric depression 

hosts the exposures of the Pyrgos Road. Observation of the road-side exposure highlights a 

lateral change from the large cliffs (e.g. Figure 7a) dominated by interbedded, tabular 

sandstones and siltstones (FA4) to scoured, lensoid and amalgamated sandstone deposits 

(FA5a) and conglomerates (FA2) hosted within the syncline (the northern limb of which is 

exposed in Figure 6-7d). 

The road-side exposure provides an approximate dip section of the deposits hosted within the 

syncline (Figure 6-8). Here, a broad fining upward trend is complicated by laterally extensive 

(10s of metres) scour surfaces (<1-2 m deep). A composite log from L1-L6 (Figure 6-8) shows 

the dominance of normally graded gravelly sandstones interpreted as high-density turbidites 

(FA5a), and conglomeratic debrites and granular flow deposits (FA2) which overlie mudstones 

(FA1) at the base of the ~15 m package. The basal part of the exposure shows 1-2 m thick, 

fining-upward, variably supported, clast-rich, conglomeratic packages (FA2) with variable 

basal character and transient lenses of intraclasts-rich, pebbly sandstones and entrainment of 

boulder-sized intraclasts from the substrate (Figure 6-8b, 9). These conglomerates show well-

developed down-flow stepping internal fabrics and sit within a broadly concave, stepped, 

variably erosive surface (Figure 6-9). Substantial (~1-1.5 m thick) convex-up lenses of open-

framework, variably supported, cobble-boulder material can be interspersed with finer-grained 

FA4 units (Figure 6-9, between 3 and 4). The complicated basal architecture passes 

stratigraphically to more laterally extensive (10s of metres) beds of both amalgamated, and 

non-amalgamated sandstone-rich facies associations (FA5a, FA5b). FA5a commonly 

transition stratigraphically through FA5b to more heterolithic sections of FA4a and FA4b before 

the next scour surface. The younger scour surfaces are typically overlain by amalgamated 

and massive sandstones (FA5a) interbedded with minor slumps and deformed horizons (FA7) 

and overlain by finer-grained successions (FA4a and FA4b). Stratigraphic thickness of 

packages between the larger scour surfaces is ~12-13 m, and typically thicken down-dip to 

the NE. However, their variability means that any 1D intersection through these exposures 

can produce different facies association proportions and thicknesses (Figure 6-8). Exposure 

limitations do not permit detailed observation of the internal architecture in strike section 
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beyond providing minimum or estimated distances for transitions in facies associations, which 

may be uncharacteristic of the full geobody width. Lateral (i.e. strike) transitions from 

amalgamated and bedded sandstone high-density turbidite facies associations (FA5) to more 

heterolithic FA4a/b, take place over 30-60 m along concave-up surfaces. If both of the lower-

order bounding concave surfaces, which host the lower and upper geobodies observed are 

assumed to be symmetrical, the width of these conduits would range from 60 – 200 m. 

However, it should be noted, as with the base-of-slope chute complex described at Xelidori, 

the uppermost exposures show the surface to step up on top of the substrate (Figure 6-4), 

ultimately generating a winged geometry that amalgamates into the surrounding deposits. 

Figure 6-8 (next page): A) Detailed outcrop photopanel of the dip-section of the upper roadside channel of the 

Pyrgos Road exposures. B) Close up outcrop photographs of boulder sized rip0up clasts forming the basal 

surface of the channelised stratigraphy in this region. C) Sedimentary logs and facies association proportions of 

channel-fills within the Pyrgos Road channel. 
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Figure 6-9 Outcrop photograph and sedimentary logs highlighting the short-scale variability and complexity of the lower part of the channel. Despite the evidence for local 
erosion in the form of large rip-up clasts, the basal surface is planar across the entirety of the outcrop. 
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Interpretation 

Both the lower and upper road-side exposures present intensely scoured and dominantly 

coarse-grained facies associations associated with high-energy flows and are interpreted to 

represent channel-fills on account of their concave-up geometry and oblique orientation to the 

delta foreset slope. Unlike the chute-lobe systems in the northern part of the Mentourgianikia 

valley, these channels are not observed to open out into lobate systems over relatively short 

distances (<500 m) and present longer-run out distributary conduits for flows from the delta. 

Both channels observed show lateral confinement not from a deep, incisional surface but are 

hosted within palaeobathymetric depressions, although their bases are overlain by intra-clast 

rich sandstones and conglomerates with boulder-sized ‘plucked’ intra-clasts suggesting local 

erosion and bypass. In the upper roadside channel, multiple internal erosive surfaces are 

interpreted to attest to the longeviety of these conduits with respect to surrounding topography, 

rather than generated and filled by single, large events. As a result, these exposures are linked 

to a laterally confined pathway for flows, producing highly efficient, erosive currents (Kneller, 

1995; Kneller & McCaffrey, 1999; Al Ja’aidi et al., 2004; Kane et al., 2009). This is 

demonstrated in the character of the basal conglomerates, which develop internal bedforms 

in places, carry extremely coarse-grained material, and also demonstrate the potential for 

substrate entrainment. The location of the upper, roadside exposures (herein ‘The Pyrgos 

Road Channel’) within the hanging wall syncline of the West Xylokastro Fault is interpreted to 

provide lateral confinement to flows, which may have also been aided by the steep axial 

gradient likely in the fault proximal location (Chapter 4).  

In the case of the lower, intra-WX3 channel-fill, outcrop limitations do not permit observation 

of the northern margin of the channel body. However, during WX3, Minor Fault 1, ~500 m to 

the north, is known to have been active (Cullen et al., 2019, Chapter 4). Being in the footwall 

of Minor Fault 1 (Figure 6-1, Figure 6-7), the lower, intra-WX3 channel is interpreted to have 

been bound to the north by a gently southward/southeastwards dipping footwall slope, to 

produce a broad ~E-W trending bathymetric low focused along the base of the foreset parallel 

to the observed palaeocurrents.  

Regarding the temporal evolution of the observed channel features, the basal deposits of the 

upper channel highlight the variety of flow types present within the channels over time (Figure 

6-9). Debris flows, confined laterally by the bathymetric expression of the syncline in this 

region and between the delta foreset/bottomset, act to enhance this bathymetry through 

limited erosion. It is also likely that the deposition of fine-grained material higher up onto 

laterally confining syncline limbs may have promoted levee development to enhance the 

lateral confinement (Hubbard et al., 2014; Tek et al., 2020). This spatial relationship of lateral 
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confinement promoting channel inception in base-of-slope channels is observed in channels 

ahead of several small Gilbert-type deltas in the Squamish Sound of the Bute Inlet, British 

Columbia (Gales et al., 2018), and within hanging wall synclines (Kane et al., 2009). As the 

lateral confinement gradually fills, each scouring phase produces minor erosion, with some 

surfaces likely representing a composite of many erosive events. Scour surfaces are 

commonly overlain by intra-clast rich deposits, and can be useful in their identification where 

the surfaces or erosion are subtle. Intra-clast sandstones may be laterally or vertical 

juxtaposed with thick, coarse-grained conglomeratic debritic deposits, likely left as bars at the 

bases of largely bypassing very thick, polydisperse, hyperconcentrated flows. As the channel 

is gradually filled, the lateral confinement for successive flows decreases meaning flows 

lowering their carrying capacity for coarse-grained bedload producing the general fining up-

sequences shown between scouring events (Kneller, 1995; Kneller & McCaffrey, 1999; 

Hubbard et al., 2014; Tek et al., 2020). Increase in sediment supply might be marked by major 

scour surfaces, with minor scouring surfaces likely reflecting autocyclic variability in flow 

magnitude. 

6.5.3 Skoupeikos River Valley – Vyzantini Exposures  

Near the abandoned settlement of Vyzantini (“Byzantine”), the modern Skoupeikos River 

valley, hosts exposures on the northern side within axial stratigraphy in the footwall of Minor 

Fault 1 towards the west, and the relay between Minor Fault 1 and Minor Fault 3 in the east 

(Figure 6-1, Chapter 4/Cullen et al., 2019).  

Description 

Exposures within WX6 and WX7 near Vyzantini Corner (Figure 6-1, Figure 6-10a) are 

characterised by a lower, sheet-like interval, V1, ~150 m wide, which is mapped through other 

exposures downdip over ~500 m as a ~10 m thick, largely sandstone-rich interval (Figure 

6-10b,c). Whilst the overall geobody is sheet-like, internally it comprises lens-like bed and bed-

set geometries that stack northwards and thicken down-dip to the east. Minor erosion surfaces 

are apparent (10-20 cm deep), which are typically overlain by intra-clast rich sandstones (FC4 

– Figure 6-10c) high-density turbidites (FA5a/b), and pebbly-sandstone debrites (FA2b). 

Subordinate mud-supported debrites (FC1a in FA4a) interbedded with heterolithic rippled or 

laminated sandstone and siltstone couplets (FA4a/b) are also present (Figure 6-10b). The 

lower, sheet-like interval is overlain by a laterally pervasive (~ 200 m x 200 m) 6 – 11m thick 

mudstone-dominated interval of FA1 and FA4b (Figure 6-10b,d). This mudstone interval is 

eroded by a ~50 m long, ~150 m wide, ~0.5 m deep stepped scour surface (Figure 6-10d). 

The scour surface is overlain by intra-clast rich sandstones (FC4), amalgamated sandstones 

(FA5) and pebbly sandstones and conglomerates (FA3a/b, FA2a and FA2b). Scour surfaces 
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are deeper and more common than in the lower, sheet-like element. Some scour surfaces 

amalgamate up-dip, with overlying lens-shaped bodies in dip section that thicken then thin 

downdip over ~50 m,and appear to step up-dip towards the southwest (Figure 6-10e).  

Across a small gully to the south, a strike-section of equivalent stratigraphy can be observed 

(Figure 6-10a) and reveals scour-fills (Figure 6-12). The scours erode into underlying FA1 and 

FA4 deposits, suggesting that the mudstone interval may be variable over lateral distances of 

400 m. Typically, scour-fills comprise a central coarse-grained, hyperconcentrated 

conglomeratic flow deposit (FA2), which fines upward and laterally to more sand-rich (FA5) 

and eventually heterolithic portions (FA4). 

Higher in the stratigraphy of the Vyzantini region, the Pyrgos Member (Cullen et al., 

2019/Chapter 4) exposures in the east of the Skoupeikos river valley (Figure 6-11b) show 

similar architectures. However, here the basal surface that hosts the scour-fills is not as 

erosive as those observed in the Pyrgos Road sections, and instead forms in a broad shallow 

syncline across the Skoupeikos River valley seen in lower parts of the exposure (Figure 

6-11b). Whilst the basal surface is weakly or non-erosive, internal scours become more 

erosive at higher levels of the exposure. As with the exposures in the east of the Skoupeikos 

River Valley, each individual concave-up, scour surface hosts central conglomeratic deposits 

(FA6 or FA2) which pass laterally into FA5 and FA4. Minor slumps (FA7) are also found above 

the central parts of each concave-up surface. 

Figure 6-10 (overleaf) A) UAV photograph overview for the location of outcrop observations at Vyzantaini. Two 
principal coarse-grained elements are observed, V1 a more sheet-like but weakly channelised interval, and V2, a 
more strongly channelised and erosive interval, which is separated from V1 by a mudstone dominated interval. B) 

Composite sedimentary log through the two channelised intervals observed at Vyzantini. C) Scour surfaces at 
Vyzantini are commonly overlain by intraclast-rich sandstones and minor dip changes between high-density 
turbidite sandstones. D) The basal surface V2, showing only minimal erosion (~40 cm) into the underlying 

substrate. E) Multiple scour-surfaces delineating back-stepping (westward) macroforms. 
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Figure 6-11 A) Uninterpreted and interpreted outcrop photographs showing facies association distribution of the 
V2 channel-fills. B) Uninterpreted and interpreted outcrop photograph showing facies association distribution and 

key surfaces of Pyrgos Member channels (stratigraphically higher than V2). Note that the substrate is not 
underlain by a significant highly erosive surface but shows a progressive steepening of dip. 
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Interpretation 

The limited lateral/strike extent of sand-bodies, common internal scouring, and coarse-grain 

sizes (FA5, FA2 rich stratigraphy) is concomitant with high-efficiency, high concentration flows 

which are focussed in the lateral confinement of the hanging-wall syncline and transverse-

axial fairway interaction (Kane et al., 2009). The two coarse-grained bodies in Figure 6-10 

represent different styles of lateral confinement. The lower interval, which comprises a tabular 

sandbody that internally comprising of non-tabular beds, with evidence of compensation and 

demonstrates bed-scale flow-deposit interaction. The beds stack laterally to form the sheet-

like geobody observed, which is laterally confined by the structurally driven bathymetry to the 

~150 m or so observed as a sheet-like lobate form (sensu. Bell et al., 2018). Minor scours, 

overlain by intra-clast rich sandstones (FC7), are interpreted to reflect flow magnitude 

variations, where large flows may entirely fill the lateral confinement at flow-scale, becoming 

more efficient and erosive as a result (Kneller, 1995; Al J’Aidi et al., 2004; Kane et al., 2009; 

de Leeuw et al., 2016; Tek et al., 2020). These become more common toward the top of the 

lower coarse package, as flows become more frequently erosive and begin to -self-generate 

confinement through successive periods of erosion (sensu. Hodgson et al., 2016). Similar 

scouring is more-pronounced in the upper coarse-grained package with the development of 

numerous scour surfaces which nest within a composite basal erosion surface to delineate 

channel-fills (sensu. Sprague et al., 2005 terminology). The comparatively more heavily 

scoured, and ultimately more channelised form of the upper package compared to the lower 

package could reflect either a) variation of input flow magnitude, b) increased flow-focussing 

or an efficiency effect described above through continued development of intra-basinal 

structures, the hanging-wall syncline and continued development of the transverse apron 

(sensu. Kneller, 1995; Al J’Aidi et al., 2004), or c) a combination of both of these effects and 

increase in axial gradient to promote greater incision. It is unclear whether the mudstone 

interval separating V1 and V2 reflects an autogenic (or allogenic) shift in sediment transport, 

or an allogenic shut-down of coarse-grained sediment supply to the basin. The preferred 

option is that externally driven change in sediment supply, combined with higher flow efficiency 

from increasing axial gradients and lateral confinement, control the vertical changes in 

channel-fill character within the Vyzanitini exposures. 

Dip-projections and photogrammetric model investigation suggest the V2 channel-fills are 

likely older than the Pyrgos Member channel-fills, although these are unlikely to be separated 

by a substantial thickness of intervening stratigraphy. The V2 channel-fills are within the same 

stratigraphic interval as channelised deposits near Skoupeikia. However, substantial exposure 

gaps do not permit direct connection to be confirmed. 
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The progression from V1, through V2 to the Pyrgos Member channel-fills may, represent the 

prolonged, but relatively weak channelisation in this region forming a vertically stacked, and 

laterally confined channel complex within the hanging wall syncline. However, several 

channel-fills are seen hosted within a composite erosional surface (e.g. Pyrgos Member 

Channels (Figure 6-11b), and are non-erosive at their base meaning the internal surfaces 

bounding different channel-fill elements are not consistent. The Pyrgos Member channel-fills 

show subtle vertical steepening of dips underlying the basal surface (Figure 6-11). This 

surface is also underlain by stratigraphy with comparatively coarser substrate deposits (FA5 

and FA4 compared to FA1), coaxial with the eventual location of the concave-up basal surface. 

This is interpreted to represent focusing of higher energy flows to this region, recording 

precursory subtle bathymetric forcing of flows, which did not achieve an erosion threshold at 

this location (Hubbard et al., 2014; Pohl et al., 2019; Tek et al., 2020). In summary, the 

exposures represent a vertical succession of progressive incision and channelisation forced 

by bathymetry. 

6.6 Depositional pathway through the hanging wall of Minor Fault 1 

Downdip of the tabular conglomerates that formed lobes beyond base of slope chutes 

(Chapter 4), an approximately 4.5 km long dip section of 3 principal cliff faces (Ligiá, Stomió 

and Skoupeikia) records a transition to the basin-floor (Figure 6-1, Figure 6-12a, Cullen et al., 

2019/Chapter 4). 

6.6.1 Bottomset to basin floor transition – Ligia Faces 

Description 

The Ligia Faces (Figure 6-12a) are immediately downdip of the tabular conglomeratic lobes 

at the western tip of Minor Fault 1, identified in Chapter 4/Cullen et al. (2019). The ‘Ligia Faces’ 

comprise ~14° eastward dipping exposures from WX2 (WX1 mostly vegetated) to WX4 (on 

top) and WX5 (in southernmost part). Over the ~700 m length outcrop panel, the tabular 

conglomeratic lobes (Chapter 4) pinch out as the dip increases from horizontal to 14°, into a 

largely sandstone-rich but heterolithic succession dominated by FA4a and FA4b at WX2 and 

WX3 levels of stratigraphy with WX4 being mudstone prone throughout (Chapter 4). However, 

within WX2, WX3 and WX5, there are occurrences of FA3b; thin (1-10 cm) open-framework 

conglomeratic or gravel-rich horizons interbedded with siltstones and sandstones (Figure 

6-12c,f). Dip-section faces highlight that sand-rich exposures vary from scoured and 

amalgamated sandstones (FA5) with up to boulder-sized mudstones intraclasts hosted within 

scours (Figure 6-12d) in the up-dip portion of the exposures becoming dominated by more 

tabular and well-bedded FA4a successions down-dip. In strike section, thin 
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gravel/conglomerate horizons (FA3b) pinch and swell over 100s of metres. The ‘Works Gully 

East’ face (Figure 6-12) marks the location where the dip of stratigraphy has begun to shallow 

out to ~2-5° to the east. Here, broad (100 – 200 m), ~6- 8 m thick, winged and over-filled scour 

geometries of FA4 and FA5 are observed, which interdigitate with 200 m wide lens-shaped 

slump bodies of FA7 (Figure 6-12).  

Interpretation 

The exposures near Ligiá (the Ligíá and ‘Works Faces’) represent the basin-axial slope or 

ramp (sensu. Athmer et al., 2010) into the subsidiary hanging-wall depocentre of Minor Fault 

1. Whilst the present day structural dip is likely steeper than the depositional dip during the 

evolution of the stratigraphy at Ligia, intraclast rich-sandstones and FA3b thin gravels and 

conglomerates are interpreted to reflect gradients steep enough to promote waxing, 

accumulative flows and pronounced sediment bypass (Stevenson et al., 2015; Cronin et al., 

2018). The bypassing flows may have affected flows reaching this region from the delta, or 

those generated more locally up-slope at the fault-tip, where accumulations of conglomeratic 

and sandstone-rich, delta-fed lobes are present.  

The tabular architecture preserved on most of the slope (the upper and lower slope break 

being heavily scoured as an exception) is interpreted to represent either a) smaller, fine-

grained low density, depletive turbidity currents, b) the basinward expression of the up-dip 

conglomeratic lobes as decelerating/depletive, dilute, low-density turbidity currents, or c) the 

fine-grained, low-density tails of hyperconcentrated and debris flows that deposit further 

basinward. In either case, the deposits are portions of flows which were likely too dilute or 

waning too rapidly to prevent them from reacceleration and leads to their deposition on the 

slope (Kneller, 1995; Kneller & McCaffrey 1999). These deposits form an apron of relatively 

sand-rich but heterolithic geobodies, which are tabular in outcrop extent (500 m x 500 m) in 

packages up to 20 m thick. These packages are complicated by minor intervals of mudstone-

rich deposition, which may reflect either temporal changes in supply or spatial variability in the 

direction of flows. Winged scours are interpreted to represent scours formed by the largely 

bypassing flows across at the base of slope as they enter the central portion of the subsidiary 

depocentre or at the upper part of the slope where they begin to accelerate (Kneller, 1991; 

Stevenson et al., 2015). Scours at the toe of the slope may also be the result of mass-

movement on the slope (e.g. Moscardelli & Wood, 2008; Dakin et al., 2013; Brooks et al. 

2018b). The proximal to distal, coarsening trend observed from amalgamated sandstones to 

conglomeratic lobes seen through this region is similar to the ‘deceleration’ trend interpreted 

in chute or scour fills at the base of the Ilias delta at Xelidori. However, the scales of these 

intra-basinal scour-complexes are larger than those at Xelidori and are more commonly 
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interbedded with thicker (< 3m vs up to 10 m) slump deposits and do not demonstrate evidence 

for deposition under supercritical flow conditions. The abundance of slumps likely reflects the 

intra-basinal location, directly adjacent to faults, producing a combination of finer-grained 

stratigraphy (i.e. lower angle of internal friction) and instability from shallow seismicity. High-

sedimentation rates or quasi-instantaneous/”flashy” sediment delivery to the basin, and 

subsequent loading and over-pressurisation of unconsolidated material promoting frequent 

slumping would have been common on the intra-basinal slope (Beckers et al., 2018).
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Figure 6-12 (Next page) A) Photopanorama of the cliff faces parallel to the National Road. The eastward shallowing of dip is interpreted to represent a move from the ramp entering the Minor fault 1 subsidiary depocentre to the centre of the minor Fault 1 
depocentre (dips increase again eastward near Skoupeikia do the growth of a larger intra-basinal fault, Minor fault 3) B) Interpreted photopanel of the Works Gully East face highlighting laterally pervasive slump deposits. And minor scour fills building composite 

sheets of sandstone rich stratigraphy. C) The Ligiá faces and Works Gully West faces highlight the stratigraphy of the ramp into the Minor Fault 1 depocentre, dominated by heterolithic, but sandstone rich FA4a with minor thin gravels and open-framework 
conglomerates amongst siltstones and mudstones (FA3b- F) indicative of bypass as also shown by sand-filled and intra-clast rich scour fills in the upper part of the ramp (D,E).
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6.6.2 Base of Intra-basinal slopes: Stomió Faces 

Immediately down depositional dip from the Ligiá Faces, the cliffs behind Stómio present 

approximately horizontal stratigraphy at the base of the slope described in the Ligia faces 

(Figure 6-12a). A minor (~3°-5°) present-day structural dip to the north is present in the faces, 

with minor exposures to the north of the face steepening to ~25° northward in response to 

deformation from a later fault, related to the Likoporia Fault to the north (Gawthorpe et al., 

2018; Chapter4/Cullen et al., 2019). The cliffs here present a ~1 km dip-section showing the 

down-dip equivalents of the stratigraphy in the Ligiá Faces (Figure 6-13). A ~500 m strike 

section (‘Snake Gully’) presents an oblique and strike oriented section (Figure 6-14).  

Figure 6-13 (Next page): A) Uninterpreted and interpreted digital outcrop model photopanel of the dip-section of 
the Stomió cliff facies highlighting the variable bed-set architecture and facies association distribution. B) Bed-
scale character and short distance variability of very coarse-grained conglomeratic and sandstone rich sheets 
dominated by conglomeratic debrites (FA2). C) Along the depositional profile the character of conglomeratic 

sheets varies considerably with localised mounds showing well developed cross-stratification ~3 m high picked 
out by fluctuations in clast concentration. The conglomeratic sheets return to being chaotic and debritic, but 

considerably thinner in a basinward direction. 

Figure 6-14 (Following Page):  A) Strike section in "Snake Gully" of the Stomio exposures highlights that 
conglomeratic elements pinch out and taper to the south towards Minor Fault 1 at the back to the south of the 
gully. (Not to be confused with the minor fault present within the gully). Slumps within WX3 are sporadic and 

complex, likely reflecting complex planform morphologies.
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Figure 6- 13 - Summary of the Stomió Cliff Faces (Expanded caption on previous page). 



2020 Chapter Six – Stratigraphic Architecture 205 

 

Figure 6- 14 - Summary of the Stomió Cliff Strike/Oblique section Faces (expanded caption on previous page). 
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Figure 6-15 A) Orthographic view of the 3D outcrop model of the Stomio exposures highlight three principal coarse-grained elements within WX2 and WX3. (Denoted P1, P2 and P3 here for reference between figures). Six pseudologs in each of these highlight a 
depositional profile of extractable statistics on facies association thickness (in this case, largely equitable to bed thicknesses except for certain packages of FA4 where bed thicknesses are not measurable (denoted by a * on bed thickness histograms). Kernel 

Density Probability functions from bed thicknesses in these six logs, highlight the highly variable nature of the stratigraphy varying over comparatively short distances. B) 3D Outcrop model inset: The architecture of lateral accretion packages within weakly confined 
elements within WX3 becomes complex where they interact with surrounding deposits of FA7 comprising slumps. C) UAV photograph of Lateral Accretion Deposits (LADs) of LAP4 and LAP5 overlying a small lateral extensive slump separating P2 from P3 in this 
region. Photo is taken at acute angle to the outcrop face to foreshorten the view to enhance the appearance of the low angle surfaces that highlight the LADs. D) Complex heterolithic stratigraphy of P2 where LAPs transition to the laterally adjacent slump deposit.
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Description – WX2 

In dip-section, the lower section of the exposures (WX2) comprises a 15 – 20 m thick coarse-

grained package, composed of massive conglomeratic deposits (FA6), interbedded with 

amalgamated sandstones and graded or stacked conglomerates (FA5 and FA2), which 

spatially transition from slumps to conglomeratic debrites (FA7-FA2) (Figure 6-13a, P1 on 

Figure 6-15a). Termed, ‘conglomeratic sheets’ in Chapter 4/Cullen et al., 2019, the internal 

architecture of these conglomeratic sheets is spatially variable and complex. Conglomerates, 

in this case, are variable in their clast-concentration, but largely comprise massive clast-

supported or coarse sand and gravel-matrix supported, highly polydisperse deposits with up 

to large-cobble clasts rarely with any grain size trends. Very weak fining or increasing matrix 

support upward or minor inverse grading are observed, spatially restricted either as rare 

cluster-bedforms or at the base of deposits (Figure 6-13d). In the western up-dip end of the 

exposures, these conglomeratic deposits are scoured or highly amalgamated, but form 1- 3 m 

thick packages. In the central portion of the cliff, many of these transform to have either a 

contorted character in their upper part (FA2c) or become chaotic, blocky polymicts (FA2a and 

FA6) or internally deformed (FD3). Thickest conglomeratic beds (e.g. Figure 6-13c) show the 

development of ~3 m high, cross-stratification, down-dip and up-dip of apparently massive 

conglomeratic fabrics with cross-stratification picked out by clast-rich and clast-poor horizons 

of the conglomeratic bed. Typically, conglomeratic beds of FD3 and FC1b are separated by 

amalgamated or bedded successions of coarse structureless, occasionally pebbly sandstones 

(FC2 and FC1c) and intra-clast rich sandstones (FC4) (e.g. between 2 and 3 on Figure 6-13b). 

Rare weakly developed, thin (<20 cm) mud-rich horizons locally onlap the topography of 

underlying conglomeratic beds. An oblique strike section (Figure 6-14) highlights that these 

conglomeratic bodies continue ~275 m from the edge of the Stomio face into Snake Gully up-

dip towards the slope before pinching out, with an observed width of ~170 m. However, this 

may not reflect the true width of the geobody as its northern edge is not observed. The 

southern extent of these bodies passes intro heterolithic sandstone-rich deposits of FA4a and 

FA4b, which make up much of the Works Gully East face. 

The overall coarse-grained package of WX2 fines and thickens by 18% down-dip from an FA2 

conglomerate-dominated package to a sand-rich (FA5) and more heterolithic (FA4a) package 

downdip over a distance of ~ 350 m (Figure 6-15). The overall thickening (roughly 0.7 m per 

100m) is accommodated by complex down-flow transitions and expansions (largely of FA4) 

or thinning (FA2) of certain facies associations (Figure 6-15a). Thickness distributions 

highlight a narrowing of the bed thickness range from between 0.5 – 3.5 m to 0.5 – 2 m. This 

change is also reflected in a change from weakly bi-modal distributions of bed/facies 

association thickness to a single skewed distribution focused ~1.5 m distally (Figure 6-15a). 
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The dominance of FA2a and FA4a in proximal parts changes to be more equally distributed 

proportions of FA2, FA5 and FA4a,b, except for the FA4a dominated central portion. When 

the total bed-thickness (not split by facies associations) is considered along the dip transect, 

a consistent thinning of the thickness distribution is noted with increasing distality from 1 to 

0.5 m before returning to 1.5 m at the most distal point (Figure 6-15).  

Interpretation – WX2 

The coarse-grained unit comprising WX2 is interpreted to reflect the building of partially 

confined, conglomeratic-rich sheets in the subsidiary depocentre of Minor Fault 1. These 

sheets terminate at the lateral, distal and down-dip confinement provided by the depositional 

topography of other deposits, and of the fault-generated bathymetry attributed to Minor Fault 

1 (sensu. ‘sheets’ in Remacha et al., 2005; Tokés & Patacci, 2018). The variability in character 

of individual conglomeratic beds reflects the heterogeneity of flow concentration, velocity and 

ultimately rheology within debris flows (Iverson 1997, 2003). Down-dip change in character 

from highly scoured, amalgamated up-dip portions, through massive/chaotic central portions, 

to normally graded, locally cross-stratified portions, which then fine and thin to both chaotic 

and graded conglomerates reflect the temporal and spatial variability common within highly 

concentrated, polydisperse composite debris flows (e.g. Iverson, 1997; 2003; “Composite 

gravity flows” in Sohn et al., 2002; Kane et al., 2009 and herein). Composite gravity flows are 

documented to have a non-cohesive, but highly concentrated/clast rich, laminar, inertia-driven 

head and similar lateral edges followed by a hyperconcentrated main body of a flow. These 

are interpreted to result in massive to chaotic, clast-rich and clast- or variably-supported 

conglomerate deposits (e.g. FC1b). Such flows are noted in experiments to produce long, 

narrow finger-like deposits (Iverson, 1997; 2003) with internal flow cells partially self-confined 

by the construction of coarse-grained levees or ridges rapidly deposited where the 

concentration of the head becomes too low or decelerates against some form of topography 

(Iverson, 1997; 2003; Sohn et al., 2002; Kane et al., 2009). These leveed or positive edges 

are commonly superseded by subsequent parts of the flow and are interpreted to generate 

the cross-stratification seen in central portions (Major & Iverson, 1999; Sohn et al., 2002; Kane 

et al., 2009). The continuation of the hyperconcentrated flow portion is interpreted to produce 

the common internal scouring and complexity of proximal exposures. Where the flow 

continues over the cross-stratified portion (e.g. Figure 6-13) it is deposited from bi-partite flows 

(FA2c) or debrites (FD2). Finer-grained portions in the tail of the flow likely form an over-riding 

turbidity current which can bypass and continue to more distal (eastward) realms of the 

outcrop face and continue into the Skoupeikia area (Mutti et al., 2003; Tinterri et al., 2017) or 

deposit as high-density turbidites. Conglomeratic sheets at Stomió are disconnected from up-

dip conglomerates in the immediate bottomset region due to the bathymetrically complex 



2020 Chapter Six – Stratigraphic Architecture 209 

pathway (Brooks et al., 2018c). They may well be sourced from up-dip, accumulations of 

conglomeratic bodies (i.e. the terminal splays of chute-lobe systems.) 

Description – WX3 

The basal ~6 – 7 m of WX3 comprises mudstones (FA1). Overlying these mudstones are two 

highly variable but largely coarse-grained packages separated by finer-grained heterolithics 

(FA4a and FA4b) (Figure 6-13, Figure 6-14, Figure 6-15). These packages (P2 and P3 in 

Figure 6-15) have an overall sheet-like geometry and form internally complex stratigraphic 

architectures. These composite bodies are dominated by FA5a,b and FA4a,b, which is 

laterally juxtaposed with 6-7m thick slump deposits (FA7 in Figure 6-13, Figure 6-15). In sand-

rich portions, these composite bodies contain low-angle surfaces that stack to form laterally 

accreting packages of the same height as the thickness of adjacent slumps (FA7). 

From the western (up-dip) side of the exposure, P2 transitions from a 6 m thick slump carrying 

~2-3 m long rip-up blocks and rafts, through a chaotic, highly heterolithic, debrite-like (FD2) 

portion with gravel lenses and fluidised and contorted sandstones (Figure 6-15d), which inter-

fingers with more organised and well-stratified, but lens like beds of amalgamated sandstones 

(FC2). This transitions further down-dip to more organised and well-bedded < 50-100 m wide 

bedsets of amalgamated sandstones (FA5) and interbedded fining sandstones and siltstones 

(FA4a) delineating distinct laterally accreting packages. P3, in contrast, shows the transition 

from a slumped body to amalgamated sandstones (FA5) and sand-rich heterolithics (FA4a,b) 

in a westward (up-system) direction (Figure 6-15). Sandstone and heterolithic packages are 

organised into discrete bedsets bound by low-angle surfaces, typically dipping 3-

5°northwestward, with the exception of the lower bounding surface of LAP2, which shows the 

dip-section of a surface which is concave-up in both strike and dip section. The character of 

bounding surfaces is variable (Figure 6-15), and progressively develop to cap smaller-scale 

downlap and cross-stratification at the tips of beds underlying them. The surfaces themselves 

are only weakly erosional and separate changes in dip responding to underlying topography, 

however, are commonly overlain with intra-clast rich sandstones (FC4) and amalgamate to 

the top of the master package (e.g. P2 or P3) to the east (Figure 6-15). Both P2 and P3 show 

vertical transitions (where not in the immediate lateral transition from slumps) of a finer-grained 

FA1 to FA4b to FA4a succession, overlain by FA5, which abruptly returns to laterally 

continuous (over 150 m, ~1-2 m thick) FA4a intervals (Figure 6-15b). The lower, finer-grained 

portion of these are typically horizontal compared to inclined overlying FA5 deposits. Bed 

thickness trends within  WX3  coarse-grained packages are spatially variable without a 

consistent down-dip trend (unlike in WX2), and are bimodal, and with different peaks in 
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different spatial locations showing substantial lateral variability with no discernible trend 

(Figure 6-15a). 

Interpretation – WX3 

The coarse-grained packages P2 and P3 in WX3 are interpreted to represent deposits of sand-

rich flows within and against slump-generated bathymetry in a complex base of slope apron. 

Amalgamated sandstones and sand-rich heterolithics are dominated by high-density turbidity 

currents (sensu Lowe, 1982) deposited against slump-topography as lateral accretion 

deposits (LADs) to form lateral accretion packages (LAPs). Whilst LAPs are typically attributed 

to channel form migration (e.g. Dykstra & Kneller, 2009) they are also observed where gravity 

currents interact with mass-transport deposit related topography, particularly in confined 

settings (e.g. Hansen et al., 2013). In such instances, the height of LAP bounding surfaces is 

observed to be close or equal to that of the controlling slump relief (Hansen et al., 2013) as 

observed in the Stomio Faces. At a broader scale of confinement, these packages are 

interpreted to be laterally confined by the broader bathymetric expression of the Minor Fault 1 

depocentre, represented by the overall sheet-like composite bodies of P2 and P3. This 

suggests that flows are not simply able to expand away from the depositional topography of 

the slumps, possibly confined by slopes to the north, or sitting within broader scour-features 

similar to coarser-grained packages of WX2. The level of elemental hierarchy represented by 

the packages within the Stomió faces is difficult to ascertain, due to the variable levels of 

internal stacking within them and unclear lateral transitions due to highly vegetated and scrub-

like exposure within the Snake Gully strike section. It is proposed that this region represents 

a bathymetrically complex fan-apron within the basin floor, with flows confined at the bed scale 

and exhibit various degrees of channelization as they interact with topography generated by 

slumps as demonstrated by the equivalent height of the lateral accretion packages to slump 

thicknesses.  

6.6.3 Basin floor channelised lobes: Skoupeikia-Kalithea Faces 

400 m down depositional dip from the Stomió faces, a ~170 m high, 500 m x 700 m promontory 

to the northwest of the village of Skouepeikia/Kalithea presents three exposure faces, two in 

strike section (Skoupeikia West and East) and one in dip section (Skoupeikia North). The G4 

research borehole core intersects the southern part of this promontory (Figure 6-1).
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Figure 6-16 (Previous page) A) Summary photograph of the Skoupeikia West cliff face showing the location of 
more detailed photographs. B) Close-up UAV photograph of composite sheets of weakly channelised and 

scoured stratigraphy common within WX6 and WX5. C) Summary photopanel highlighting spatial variability of 
facies associations within the main face of Skoupeikia West. Note this is a strike-section, with flow broadly away 

from the viewer. D) Bed-set scale architecture of coarse-grained weakly channelised stratigraphy E) Lateral 
pinchout of WX2 show is a gradually fining up profile. 

Description 

The Skoupeikia West face (Figure 6-16) demonstrates substantial stratigraphic section (from 

WX1 to WX7, Cullen et al., 2019/Chapter 4) across several different orders of scale. The lower 

section of the cliff (WX1) is mudstone dominated (FA1) with two laterally extensive (~200 m), 

tabular, massive conglomerate beds (FA2a) between 0.5- 1 m thick, thinning southwards. A 

thicker (1-2 m) and more laterally extensive (~ 250 m) conglomeratic bed with variable lateral 

character (FA2c, FA2a, FA6) marks the onset of a coarse-grained unit (WX2). WX2 comprises 

largely tabular beds of interbedded, high-density and low-density turbidite sandstones and 

siltstones (FA4a, FA4b) and amalgamated sandstones (FA5b, FA5a). The exception to this 

are conglomeratic bi-partite deposits (FA2c), which in some cases laterally transition into 

slumps or thick (~1 m) contorted debrites (FA7). Whilst individual beds are tabular across < 

100m, they form packages which show consistent southward thinning and eventual pinch-out, 

coherent with the half-lens shape of WX2 in the Skoupeikia West face (Figure 6-16c,e). 

Across-fault transitions of particular facies at equivalent stratigraphy can be abrupt, such as 

across the south-dipping minor fault, where the footwall units of FA1 correlate to a thicker 

package of FA5 in the hanging wall. This also occurs across the north dipping fault with the 

central horst being finer-grained (FA1) than the downthrown sides (FA4 and FA5 dominated) 

within WX2 (Figure 6-16c). Overlying this, the basal section of WX3 comprises a laterally 

extensive single bed of massive conglomerate that grades into a contorted, heterolithic section 

(FA2c – Figure 6-16c,d). Whilst spatially variable across the exposure, transitions between 

heterolithic FA4a, FA4b dominated stratigraphy and FA5a stratigraphy, in complex convex-

up, and concave-up lenses between 50 – 200 m wide and 5- 20 m thick are common. Many 

of these lenses appear to comprise either sandstone or conglomerate dominated (FA5 or FA2) 

central portion, with more heterolithic edges (FA4a), although many lenses do not show this 

spatial trend. Lens-like bodies become broader and thicker to the south where they can 

interdigitate with slumps (Figure 18c). This ultimately produces a complex stratigraphic 

architecture of variably stacked lenses with spatially variable vertical trends. Core from WX3 

highlights that this heterogeneity also exists within lens packages at the bed to bed-set scales 

where the broad range of variability within FA4 (especially in thick, >2 m, successions of FA4b) 

and FA5 is demonstrated (Figure 6-17).
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Figure 6-17 Coarse-grained, sand-rich stratigraphy intersected by G4 within WX3 and WX5 A)FA2c deposits 
intersected in G4, B) Sedimentary log through G4 intersection of WX3, highlighting the variability of coarse-grained 

stratigraphy within the weakly channelised fan elements. C) Heterolithic coarse-grained packages of FA4a (dominated 
by couplets) and FA5b. BI – Bioturbation Intensity.
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Figure 6-18 Core observations demonstrating the transition to and from and internal character of WX4, a 
regionally extensive mudstone represented by a gradual decrease in sandstone content and waxing and waning 

of bioturbation intensity. 
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The upper ~5-8 m of WX3 shows a gradual transition to sheet-like FA4 and FA5, which is 

overlain by a laterally extensive (> 500 m) package of FA1 mudstones of WX4 (Figure 6-16c,f, 

Figure 6-18). G4 Core documents that this transition from WX3 to WX4 is demonstrated by a 

gradual vertical decrease of thin sandstones within FA4b to become a sustained section of 

various mudstone facies from WX2 (FA1). WX4 also bears rare intact gastropod shells, unlike 

the otherwise non-fossiliferous RDF. Bioturbation intensity gradually increases, although 

remains restricted to Planolites and Chondrites (Figure 6-18a,c,d). The transition from WX4 to 

WX5 is more abrupt (Figure 6-16f, Figure 6-18). However, this is preceded by a subtle 

increase in thin (< 1 cm) sandstones in the uppermost mudstones of WX4 and a marked 

decrease in bioturbation intensity allowing the development of FM2 facies (mm-laminated and 

weakly bioturbated mudstones and siltstones) (Figure 6-18). This is overlain by a ~ 1 m thick 

conglomeratic debrite (FA2c) at the base of WX5 in the G4 core. Fifty metres to the north of 

G4, in the Skoupeikia West face, the WX4 to WX5 transition is similarly abrupt. The basal 

tabular conglomerate to WX5 fines to the north to an amalgamated sandstone (FA5) in the 

southern portion of the cliff (Figure 6-16d) and is heterolithic (FA4b) to the north where the 

transition from WX4 to WX5 is more subtly expressed. 

WX5 and WX6 present a different architecture from underlying coarse-grained units, with the 

development of laterally extensive tabular sheets of FA2/FA7 and FA5 with FA4 fringes in the 

central and northern part of the face. In WX5, these sheets form as composites of multiple, 

broad, shallow isolated scour-fills that become stacked and amalgamated towards the south 

(Figure 6-16b,c). These composite scour sheets are typically ~400 m wide and 5-10 m thick, 

with diffuse edges that transition to surrounding FA1 and FA4, and are separated from one 

another by ~5 – 10 m thick intervals of laterally extensive (>500 m) FA1 (Figure 6-16b,c,d) In 

WX6, however, these sheets are tabular internally, although become similarly more scoured 

to the south with shallow, broad scour-fills, with transitional or non-erosional lateral edges. 

The Skouepikia North (Figure 6-19) and Skoupeikia East (Figure 6-20) faces permit 

observation of the uppermost stratigraphy in the field area and highlights the presence of 

larger tabular sheet-like elements in the West Xylokastro RDF. WX6 and WX7 both show the 

development of laterally extensive (up to 500 m) sheets which are separated by the laterally 

extensive Skoupeikia Slump described in Chapter 4. In dip-section, heterolithic but sandstone-

rich FA4a dominated stratigraphy fines towards the northeast to FA1 successions over ~450 

m (Figure 6-19a,b). Lower parts of WX7 comprise isolated ~1-2 m thick and ~35 m wide ‘pools’ 

of sand-rich heterolithics (FA4a) within topographic lows on top of the laterally extensive 

Skoupeikia Slump (Chapter 4/Cullen et al., 2019, Figure 6-19c). In the Skoupeikia East face 

(Figure 6-20), WX7 has a similar strike architecture to WX6 in the Skoupeikia West Face as 

tabular composite sheets internally comprising broad scour-fills, which dominate the roughly 
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600 m wide continuous Skoupeikia East face (Figure 6-16f, Figure 6-20). Smaller 

discontinuous exposures to the south of this face show conglomerate dominated deposits 

hosted within erosive surfaces in the immediate hanging wall of low-throw (0-10 m) faults. 

These exposures contain fluctuations between ~10 m thick repeated accumulations of variably 

ordered massive and cross-stratified conglomerates (FA6), interbedded conglomerates and 

pebbly sandstones (FA3a), tabular, graded conglomerates (FA2) and non-amalgamated 

sandstone-rich sequences (FA5b). These may be separated by more heterolithic FA4, or 

mudstone-dominated FA1 (Figure 6-20c,d). The lateral extents of these bodies are at least 50 

m wide but cannot be constrained due to the highly vegetated outcrop.  
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Figure 6-19 A) Summary photopanel showing the degrading outcrop quality of the Skoupeikia North face as a result 
of a rapid north-eastward fining B) Increasing organisation of facies associations and tabularity of stratigraphy 

becomes more common to the east contrary to the up-dip Skoupeikia West Facies. C) Laterally extensive, thick slump 
deposits (the Skoupeikia Slump in this instance) are interbedded largely with heterolithic, fringe deposits represented 

by FA4b and FA1b in much of the Skoupeikia North faces.

 

 



2020 Chapter Six – Stratigraphic Architecture 218 

 

Figure 6-20 Summary photopanel of the Skoupeikia East face, B) highlights the broad antiform formed in the Skoupeikia East face in response to the deformation from Minor 
Fault 1 and Minor Fault 3 and continuity but changing deformation intensity of the Skoupeikia Slump. C, D) Massive conglomeratic deposits within the basal part of channelsied 

exposures in the relay between Minor fault 1 and Minor fault 3 transitioning to tabular, heterolithic stratigraphy.
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Interpretation 

The Skoupeikia cliffs highlight the variety of possible architectures in the proximal part of the 

basin floor fan in the West Xylokastro Fault Block, which terminates at least ~4 km further 

down-dip (Cullen et al., 2019/Chapter 4). WX2 is interpreted to represent the down-dip 

continuation from Stomío of deposits within the hanging wall of Minor Fault 1. Therefore, 

fluctuations in the fill-spill-bypass evolution of the up-dip subsidiary depocentre of Minor Fault 

1 impacts the volume and calibre of sediment delivered to the lobate deposits within the 

Skoupeikia West face. Capturing of coarser grain-sizes up-dip limits the potential for common 

genetic fining-up and coarsening-up sequences linked to lobe or sheet progradation (Prélat & 

Hodgson, 2013; Brooks et al., 2018a) and so the stratigraphy takes on a ‘pulsed’ character of 

occasional large, coarse events, interspersed by more intermediate and heterolithic 

stratigraphy (Figure 6-16, Figure 6-21). In addition, small offset faults (0- 5 m) still appear to 

impact depositional pathways within this part of the fan, with the central horst in the Skoupeikia 

West being comparatively starved of coarse-grained sediment within WX3. The bathymetric 

expression of these minor faults stripped and focussed denser, coarser-grained flows into the 

immediate hanging wall of these (Bakke et al., 2013; Tinterri et al., 2017; Soutter et al., 2019).  

During WX3 times, Minor Fault 1 is interpreted to have continued to modify bathymetry with 

continued growth and possible mass-wasting (Chapter 4/Cullen et al., 2019). Sediment supply 

(Cullen et al., 2019, Chapter 4, 5) may have kept pace with the continued structural growth of 

the hanging wall, burying lower displacement parts of the faults. The healing of fault generated 

bathymetric variability in this sense limits the depositional control, which produced the strong 

lens-like geometry of WX2 at Skoupeikia, allowing WX3 to become more continuous to the 

south (Chapter 4/Cullen et al., 2019). Whilst laterally continuous as a stratigraphic unit, WX3 

is heterogeneous internally. Laterally extensive conglomeratic debrites (FA2c) are interpreted 

to reflect very large, efficient events, which can traverse the Minor Fault 1 depocentre due to 

the weaker opposing slope. These flows deposit to build expansive sheet-like forms spanning 

greater confinement than in WX2. 

Extensive conglomeratic debrite lobes are in contrast to the ~6 m mudstone interval at the 

base of WX3 at Stomío ~2 km up-dip. The up-dip FA1 at Stomió, in this case, does not show 

significant evidence of bypass (such as FA3b deposits) and so may reflect local diachroneity 

of the base WX3 surface, with a ponded, temporary starvation in Minor Fault 1 represented 

by mudstones which is condensed onto the WX3 surface at Skoupeikia. The basal WX3 

mudstone at Stomío is also laterally continuous in strike section (Figure 6-14) excluding 

continuity within the Stomió cliff being reflecting localised variability within the Minor Fault 1 

deposition, and is interpreted to form a locally ponded mudstone interval. 
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The increasing channelisation through WX3, with lensoid bedsets demonstrating fringe-ward 

or off-axis fining is interpreted to represent increasingly high-energy, frequently erosive flows. 

However, the channels formed by these flows are small (< 1-3 m thick, ~ 10s of m wide) and 

compensationally stack and amalgamate. This supports the channels as transient, weakly 

confined forms, acting as distributary elements within a fan-apron in the Skoupeikia region. 

The complexity of this scouring and channelisation increases towards the south, where bed-

scale compensation becomes common. As a result, individual stratigraphic architectures and 

their hierarchical level are hard to define amongst the highly amalgamated apron of coalescing 

lens-like deposits (sensu. Reading & Richards, 1994; Henstra et al., 2016a). This 

heterogeneity is also reflected in the complexity of 1D intersections in the G4 core where sand- 

and gravel-rich facies comprising individual beds or bedsets are interspersed with substantial 

thicknesses of heterolithic sand-silt couplets (FA4b). These may represent a) local ‘ponding’ 

effects and the retainment of the finer-grained tails of flows within depositional lows (sensu. 

Patacci et al., 2015; Marini et al., 2016), and/or b) multiple, stacked events of fringe deposits 

of larger flows depositing up-dip or laterally, or c) from frequent, smaller events such as low-

density turbidity current ‘plumites’ from the nearby West Xylokastro shoreline proposed in 

Chapter 4/Cullen et al. (2019) (sensu. Hage et al., 2019; Mutti et al., 2019). In some instances, 

lateral transitions from fringe FA4b to more amalgamated coarser-grained packages (e.g. 

Figure 6-13,14,15), can be confirmed in outcrop, with other occurrences of FA4b forming 

diffuse isolated horizons. In more limited or 1D sections, no diagnostic criteria at this scale of 

observation exist to distinguish these possible interpretations.  

WX4 represents a system-wide decrease in sediment supply, forming a laterally extensive 

mudstone unit (Chapter 4, 5, Cullen et al., 2019). It is interpreted that the gradual lithological 

transition to FA1 dominance of WX4 from WX3 reflects this reduction in supply as less-

frequent large events reaching this portion of the basin. Thin (<2 cm) dilute turbidite 

sandstones within WX4 support the delivery of oxygen and nutrients to the deep-water realm 

permitting the high intensities in bioturbation and occasional macrofauna observed within WX4 

that are otherwise unable to colonise the seafloor during higher sedimentation rates 

(Boulesteix et al., 2019). Counterintuitively, the return of coarse-clastic supply (WX5 – Chapter 

4, 5) is preceded by a marked decrease in bioturbation despite the apparently increased 

frequency of thin sandstone beds in the transition to WX5. Millimetric, varve-like laminations 

immediately below WX5 indicate sediment accumulation between thin sands may have been 

reduced to a minimum, thereby giving the appearance of greater sand-influx frequency (Figure 

6-16). These extremely low accumulation rates likely reflect the time of greatest restriction 

within the West Xylokastro Fault Block and a water-column that gradually become less 
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oxygenated or more stratified, leading to inhibited bioturbation in keeping with decreasing 

freshwater input (Chapter 5). 

WX5 is interpreted to comprise a distal form of the sheet-like channelised lobes observed in 

WX3. These continue to thicken and become more scour-prone within WX6 and WX7 possibly 

reflecting either increasing sediment supply or gradual progradation of the depositional system 

as a whole. At the bed scale, the commonality of starved and climbing ripple dominated 

heterolithics within southern exposures of on top of the Skouepikia cliffs (WX7) has been 

observed in similar coarse-grained system levees (Rosario Fm, Baja California – Kane et al., 

2009; McArthur et al., 2019). This may also be demonstrated by the short-scale north-

eastward fining and thinning presented in the Skoupeikia East and North faces where flows 

have limited capacity for longer distance run-out or are confined against the growing Likoporiá 

structures to the north. Channelised deposits within WX6 and WX7 of stratigraphy to the south, 

indicate that the tabular, sheet-like bodies observed in the Skoupeikia East face may transition 

through or coalesce with levee or overbank deposits to the channels towards the south (Figure 

6-20). This is difficult to confirm based on available geometric relationships with the gaps in 

exposure between the two.  

Channelised elements at the south of Skoupeikia are more conglomerate-rich than up-dip 

channelised exposures (e.g. Pyrgos Road or Vyzantini). This is interpreted to reflect the 

efficiency of up-dip transport and bypass within the hanging wall syncline transporting 

conglomeratic material distally into the basin until forming a frontal blockage to the channel, 

which is then backfilled, in agreement with the back-stepping, sand-rich, scour fills seen at 

Vyzantini (Kneller, 1995; Kneller & McCaffrey, 1999; Pickering et al., 2001; Hodgson et al., 

2016). The orientation and situation of these channel-fills within the relay between two intra-

basinal structures (Minor Fault 1 and Minor Fault 3) is in agreement with models for 

channelised sub-aqueous routing systems across relay ramps (Athmer et al., 2010; Athmer & 

Luthi, 2011; Carmona et al., 2016, Ge et al., 2018). However, this location would have weaker 

lateral confinement (and hence efficiency) than the hanging wall syncline to a broader 

bathymetry, which may well have promoted the deposition in this region (Kneller, 1995; Kneller 

& McCaffrey, 1999).  
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6.7 Synthesis of outcrop observations 

Multiple exposures along, and across, the depositional fairway within the West Xylokastro fault 

block allows the axial and transverse transformation of stratigraphic architecture to be 

demonstrated. Furthermore, the mapping and correlations in Chapter 4 and 5 places the 

architectures observed in the broader tectonostratigraphic context.  

Here, two principal basin-axial, flow pathways can be considered (Figure 6-21). The first of 

these is in the footwall of a minor intra-basinal structure, and more proximal (<2 km from) to 

the principal border fault (‘margin-proximal’ e.g. Pyrgos Road, Vyzantini, Skoupeikia South). 

The second flows into the hanging wall of a minor intra-basinal structure and is more distal 

from the principal border fault (‘margin-distal’ e.g. Bottomsets, Ligiá, Stomió, Skouepikia). 

Whether a given flow from the up-dip delta enters the margin-distal or margin-proximal, is 

determined by its initial sourcing point on the delta, which may be linked to the position of the 

river on the delta topset at that time, or the location of a foreset collapse. Flows entering the 

margin-proximal pathway (e.g. in the vicinity of the Pyrgos Road and Vyzantini channelised 

exposures), enter a pathway which undergoes high rates of subsidence within the broader 

depocenter close to the main border-fault (sensu. Gawthorpe et al., 1994). However, this 

region is bound by an evolving bathymetric high to the north (e.g. footwall uplift from Minor 

fault 1). Contrary to this, flows along the margin-distal pathway (e.g. Xeldori chute-lobe 

systems, and through Ligia, Stomio and Skoupeikia), enter domains of subsidence minima or 

dampened subsidence at intra-basinal fault tips prior to locally enhanced subsidence in the 

hanging wall of intra-basinal structures (Gawthorpe et al., 1994; Cullen et al., 2019). These 

spatial subsidence patterns produce a more complex bathymetric gradient for flows entering 

the margin-distal pathway than that of the margin-proximal pathway. The margin-proximal 

pathway would have comprised a gradual basinward increase in axial gradient proximally, 

which shallowed distally towards the centre of the border fault. The margin-proximal pathway 

is likely more laterally confined than the margin-distal pathway both against the transverse 

apron of the West Xylokastro Fault Scarp (Cullen et al., 2019), and the evolving syncline in 

the immediate hanging wall of the West Xylokastro fault (Figure 6-21b). 
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Figure 21a – Expanded caption overleaf 
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Figure 21b – Expanded caption overleaf 
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Figure 6-21 (previous pages): Conceptual cartoons of a) early ponding phase of flow interaction with an intra-
basinal structure and b) a later blanketing and routing phase of flow interaction with an intra-basinal structure. 

During its earliest stages (equivalent to WX2), the margin distal pathway shows the 

development of chute-lobe systems at the base of the Ilias delta, which are extensive to the 

north-east following the regional trend of the axial sedimentary fairway (Cullen et al., 2019; 

Figure 6-21a). The basinward extent of the individual sheet-like conglomerates extends to the 

Lower Pyrgos Road exposures, highlighted in Chapter 4/Cullen et al., 2019. This passes 

downdip to a complex, sand-rich apron with thin gravel-stringers at Ligiá that dip toward the 

centre of Minor Fault 1. Beyond Ligiá towards Stomió laterally extensive conglomeratic sheets 

mark a return of very coarse-grained facies associations along the depositional pathway, 

absent on the ramp into Minor Fault 1 at Ligiá (Figure 6-21a). Conglomeratic, highly 

concentrated flows are interpreted to reach the central part of the Minor Fault 1 subsidiary 

depocenter through two possible mechanisms. Large accumulations of conglomeratic material 

at the fault tip of Minor Fault 1 in chute-lobe systems in the bottomsets of the Ilias delta provide 

temporary intra-basinal storage for reworking of conglomeratic material into the Minor Fault 1 

depocentres following seismic events or rapid loading. This is akin to typical shelf-edge failures 

feeding slope and abyssal deep-water systems (Dixon et al., 2013). Alternatively, very large 

magnitude, long-duration river-derived flows may well be able to traverse the entire bottomset 

lobe to the brink of the Minor Fault 1 depocentre. Whilst flows may have undergone some 

degree of expansion and energy loss during this transport, their high concentration and coarse 

grain size, makes them susceptible to move back into an accumulative flow regime, and 

accelerate above the increase in slope gradient on the ramp into the Minor Fault 1 depocenter 

(Kneller et al., 1995; Kneller & McCaffrey, 1999; Figure 6-21a). Intra-basinal acceleration 

zones are observed to be dominated by sporadic indicators for bypass and localised erosion 

interspersed with sandstones and siltstones deposited either as the dilute wake and upper 

part of bi-partite conglomerate bypassing flows, or the fringes of conglomeratic flows which 

deposit the bulk of their sediment up-dip in bottomset chute-lobe systems. The bypass of 

coarser-grained material, with the deposition of trailing fine sands and silts, scouring and 

remnant ‘lags’ are observed in many depositional systems and laboratory experiments 

(Stevenson et al., 2015; Cronin et al., 2018; Poyatos-Moré et al., 2019; Pohl et al., 2020). The 

ability for this to be so prevalent within the West Xylokastro RDF is interpreted to strongly rely 

on the bi-partite or tri-partite nature of very coarse-grained gravity flows. Over intra-basinal 

acceleration zones, high-concentration, very coarse-grained basal layers would require 

substantial water-entrainment to arrest their movement whereas more dilute upper parts of 

the flow have their movement inhibited through continued entrainment of ambient water, falling 

beneath a concentration threshold for the turbulent suspension of grains and continued 

downslope movement (Middle & Hampton, 1973; Figure 6-21a). This ability for flows to exhibit 
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non-uniformity is well documented temporally and spatially in response to topography (sensu. 

McCaffrey & Kneller, 2004). However, the responses to this non-uniformity, in highly stratified, 

or polydisperse flows may be heterogeneous across or through the flow, especially where 

flows become so stratified to be considered separate (e.g. as in ‘lofting’ – Stevenson & Peakall, 

2010 or decoupling following topographic interaction – Kneller & McCaffrey, 1999). As 

hyperconcentrated coarse-grained flows encounter the base of of slope, the flow rapidly 

decelerates and disperses depositing the sheet-like conglomeratic geobodies highlighted at 

Stomió, which are detached from those up-dip in chute-lobe systems. Conglomeratic sheets 

become rarer within the hanging wall of Minor Fault 1, which is characterised by the interaction 

between mass-transport deposits and more weakly confined gravelly to sand-rich flows 

(Figure 6-21b). The high sediment supply typical of rift settings may have acted to blanket 

bathymetry in the hanging wall ramp despite the continued growth of Minor Fault 1 this 

produces less capture of coarse-grained flows from the fault tip, but also reduced up-dip 

ponding effects.  

The deposits of the upper part of the exposures of the Pyrgos Road and Vyzantini highlight 

that the margin proximal pathway comprises channelised, conglomerate-rich stratigraphy in 

this region from WX3 trending towards a south-eastward fairway. This is contrary to the earlier 

north-eastward fairway (e.g. Xelidori chute-lobe systems). The deposits and architectures 

representative of very high energy, highly efficient flows along the margin proximal pathway 

(Pyrgos Road and Vyzantini) are interpreted to result from the increase in effective lateral 

confinement from the enhancement of the hanging-wall syncline of the West Xylokastro fault 

(sensu. Kane et al., 2009). Additionally, the growth of a minor bathymetric high of the footwall 

of Minor Fault 1, may have acted to divert and ‘funnel’ the majority of coarse-clastic flows to 

the east and south-east. Whilst minor erosive surfaces are present in much of the channelised 

deposits through the Pyrgos Road and Vyzantini, the bases of channel fills record less 

substrate erosion (typically < 1 m) than composite erosion surfaces observed in other outcrop 

studies (e.g. ‘Channel fills’ - Riza Member 5-20 m, Muravchik et al., 2019; ‘Internal 

channelform surfaces’ - Tres Pasos 3-6m Hubbard et al., 2008, ‘channel-elements’ - Ross 

Formation, 4-5 m, Pyles et al., 2014; ‘channels’ – Rosario Formation 2-5 m; Dykstra & Kneller, 

2009). The dip section exposed at Vyzantini shows scour surfaces (hosted within channel fills) 

that bear similarities in scale and architecture to erosive surfaces within and bounding back-

stepping sand-rich stratigraphy of cyclic-steps and other up-stream migrating bedforms and 

knickzones (Ponce & Carmona, 2011; Lang et al., 2017; Hage et al., 2018; Heijnen et al., 

2020). Recent time-lapse bathymetric studies have demonstrated the migration of these 

bedforms and construction of similar stratigraphy over time periods of days – months related 

to increases in fluvial discharge (Vendettuoli et al., 2019) meaning the individual channelised 
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packages (e.g. V1, V2, comprising 10s of individual scour-bound packages) may reflect fairly 

restricted periods of channelisation and bedform migration, separated by possibly protracted 

intervals of inactivity in the channel (e.g. the mudstone separating V1 and V2 at Vyzantini). 

The exposure does not permit the direct linking of individual channel-fill bodies to downdip 

packages in the fan for the longitudinal confirmation of lobe building events or lobe-cyclicity 

related to this. 

The channel-fill bounding erosive surfaces are hosted within a broader syncline, and is 

interpreted to represent flows which are only mildly erosive, but laterally confined by the growth 

of the hanging wall syncline to form convex-up channelised bodies rather than through 

progressive incision (sensu. Hodgson et al., 2016) or levee construction (sensu. Kane et al., 

2009). The lateral confinement combined with a steeper axial gradient makes flows highly 

efficient (Kneller, 1995; Kneller & McCaffrey, 1999; Al Ja’aidi, 2000; Al Ja’aidi et al., 2004). 

The high efficiency of highly concentrated flows permitting the export of substantial volumes 

of coarse-grained material far into the depocentre (~8 km) to feed lobate deposits east of 

Skoupeikia (Cullen et al., 2019/Chapter 4). Observations of thick conglomeratic deposits at 

the channel mouth and backstepping depositional intra-channel forms and landward onlap are 

interpreted to represent this formerly high-efficiency conduit being back-filled rather than 

prograding fill from a delta-proximal position. Back-filling may have been triggered by a quasi-

instantaneous frontal blockage (MTDs – sensu. Bull et al., 2009; Tek et al., 2020); allogenic 

sediment supply variability (Hodgson et al., 2016) or gradually aggrading frontal blockage or 

alteration the equilibrium profile of the channelised conduit through multiple episodes of 

bypass, and back-filling (e.g. Pickering et al., 2001; Kneller, 2003). Alternatively, rather than a 

frontal blockage from the aggradation of thick intra-channel conglomerates in the downdip 

portion of these channels near Skoupeikia, similar blockages triggering the back-filling of the 

channels could also be emplaced laterally (Tek et al., 2020) or reflect the construction of up-

dip migrating bedforms (Vendettuoli et al., 2019). However, where approximately age 

equivalent laterally emplaced mass transport deposits are observed (e.g. Skoupeikia Slump), 

these are not observed within the channel-fills. Up-stream dipping scour surfaces, and convex-

up shape of channel-fill stratigraphy in dip section at the Vyzantini channel sections (Figure 

6-10) are concomitant with the continued up-dip aggradation of the channel-fill and the scales 

and nature of the upstream dipping stratigraphy and scour surfaces are similar to those 

observed and interpreted as cyclic-step, up-stream migrating bedforms in ancient and modern 

systems (e.g. Lang et al., 2017; Ponce & Carmona, 2011; Hage et al., 2018). However, it 

remains unclear whether this spatially limited exposure demonstrates partially preserved 

cyclic-step bedforms indicative of super-critical construction and reworking of material within 

the channel (Lang et al., 2017; Hage et al., 2018) or the up-dip migration of larger knickpoints 
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with downstream deposition (Heijnen et al., 2020). Alternatively, these may represent 

dominantly depositional accretionary packages similar to bars, up-dip of a channel blockage, 

with scours representing periods of more erosive, higher magnitude flows or a combination of 

both. Both options exist along a continuum of geomorphic elements and processes, and are 

coherent with a channel re-establishing equilibrium as a result of a frontal or down-stream 

intra-channel blockage (Hodgson et al., 2016; Tek et al., 2020). 

At the eastern end of Minor Fault 1 both flow pathways likely interact at the exposures in the 

Skoupeikia Cliffs forming a complex channelised fan, which coalesces with overbank deposits 

and a channel-lobe transition zone to the lobes east of Skoupeikia (Chapter 4) within the relay 

between Minor Fault 1 and 3. 

6.8 Discussion 

6.8.1 Structural controls on the spatial variation in sedimentary processes and 

architecture 

6.8.1.1 Scales and evolution of structural influence 

The stratigraphic architecture within the deep-water stratigraphy of the West Xylokastro RDF 

presents substantial lateral and vertical heterogeneity. This reflects the complicated 

interaction of varying flow types, magnitudes and frequencies with a dynamic intra-basinal 

bathymetry generated by the growth of tectonic structures and deposition of mass transport 

deposits (slumps, slides etc). Intra-basinal bathymetry is seen to act to promote coarse-

grained sediment transport and deposition through i) trapping in “accommodation zones” such 

as relay ramps (sensu. Morley et al., 1990; Gawthorpe & Hurst, 1993; Withjack & Schlische, 

2002), ii) bypassed over intra-basinal slopes (Brooks et al., 2018a,c), or iii) funnelled through 

intra-basinal conduits. In the earliest phase of the West Xylokastro RDF (WX2), localised 

ponding and intra-basinal slope bypass dominates as the principal mechanism for sediment 

dispersal and accumulation in minor, largely underfilled subsidiary depocentres (Figure 

6-21a). This is followed by a later “blanketing and routing” phase (WX3 to WX7) when the 

structure is more evolved, which strengthens bathymetric effects of hanging wall synclines 

and footwall bathymetric highs, but also “blanketed” and filling of intra-basinal lows by high 

sediment supply (Figure 6-21b). 

As both the intra-basinal structure (e.g. Minor Fault 1), and basin bounding fault grows (e.g. 

West Xylokastro Fault), the axial gradients increase, along with steeper lateral gradients 

through subsidence. In normal faults, the ratio of hanging wall subsidence to footwall uplift, 

favours greater hanging wall subsidence at a ratio of between 1:1.2 -2.2 (McNeil & Collier, 

2004). As a result, the effects of flow ‘capture’ by the bathymetry of the hanging wall of intra-
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basinal structures may be felt more strongly and earlier than the effects of uplift – promoting 

the evolution from ponded transient lows, through to ‘routing’ and gradual filling around 

bathymetry. During the early stages of intra-basinal synthetic normal fault growth, monocline 

development above a blind fault perturbs the bathymetry, which further affects the hanging 

wall to a greater extent than the footwall (Gawthorpe et al., 1997; Sharp et al., 2000; Jackson 

et al., 2009; Coleman et al., 2019). The structural arrangement of these features will determine 

the exact nature of sediment routing, commonly through relay ramps (e.g. Athmer et al., 2010; 

Ge et al., 2017). Numerical modelling of relay ramps has emphasised the role they play within 

sediment dispersal. However, in these modelling studies the relay ramps are treated as static 

structures, and struggle to capture temporal changes in the depocentres configuration (e.g. 

Carmona et al., 2016). It is proposed that the aforementioned “ponding” to “routing and 

blanketing” evolution may be common to many intra-basinal structural effects in deep-water 

rift settings, which lead to the gradual filling of ponded accommodation and greater influence 

upon flows within the hanging wall initially prior to footwall uplift. For example, in older RDF 

deposits exposed in the Sythas valley, fed by the Mavro delta, the Riza Member channel 

systems (Muravchik et al., 2019) are initially focussed into the hanging wall of more minor 

intra-basinal structures, despite the pre-existing and contemporaneous growth of a larger and 

higher subsidence depocentre to the north as a result of the Koutsa and Melissi Faults. It is 

only towards the later stages of evolution of the Amphithea Fault block that a more distributive 

system manages to ‘blanket’ these intra-basinal structures. Similar motifs are observed in 

other tectonically active basins, (Tabernas-Sorbas Basin - Haughton, 2001; Hodgson & 

Haughton 2004), where confinement is able to entirely to pond flows, producing well 

developed mud-caps, contrary to the example in the West Xylokastro Fault Block where only 

the coarsest grain-size fragments are captured indicating an absence of a down-dip sill/high. 

For synthetic intra-basinal structures, the result of this on broader stratigraphic architecture is 

to produce a switch of depositional ‘polarity’ in axial systems from the hanging wall to the 

footwall either side of the intra-basinal structure. The opposite may be true for transverse 

emplaced sediment fairways (e.g. Ge et al., 2017), where hanging wall ponding or ‘capture’ of 

flows will tend towards the middle or latter stages of its evolution. Ultimately, such a structure 

would grow a bathymetric gradient in the footwall that is too steep to be overcome by 

transverse gravity flows, and flows would divert away from the structure (Mayall et al., 2010). 

The consideration of these two cases highlights the potential impact of the angle of flow with 

respect to any intra-basinal bathymetry. Autogenic variability in the orientation, magnitude or 

calibre of sedimentary input up-dip of a structure can therefore determine varying pathways 

and flow evolutions, and as such variability on the timescales of autogenic variability (e.g. < 

1000s of years) can have an associated allogenic component through the influence of 



2020 Chapter Six – Stratigraphic Architecture 230 

structures. The temporary starvation of the Minor Fault 1 depocentre, forming a laterally 

restricted (< 500 m) ~1-3 m thick mudstone package at the onset of WX3 may for example 

represent the transition to preferential routing to the footwall of the Minor Fault 1 structure. 

Recognition of this is important as deposits in such temporary hiatus are very similar 

(dominated by FA1) to regionally extensive mudstones tied to much broader allogenic supply 

reductions (WX4, see Chapter 4) but have much more limited lateral extent and so to resolve 

the two may be challenging in 1D intersections. 

6.8.1.2 Sedimentary process variability 

Structural variability is further complicated by the range of sedimentary transport and 

depositional processes that occur within highly polydisperse, coarse-grained gravity flows 

(Lowe, 1982; Postma et al., 1988; Sohn et al., 1997; Kane et al., 2009; Iverson, 2010; Strachan 

et al., 2013; Henstra et al., 2016a; Cronin et al., 2018). Higher density/concentration, ground-

hugging flows are typically more susceptible to routing by bathymetry (Al Ja’aidi et al., 2004; 

Bakke et al., 2013; Porten et al., 2016; Soutter et al., 2019). Complex rheological 

transformation from changes in concentration (through deposition or ambient water or 

sediment entrainment) in bathymetric interaction are well documented in mud-rich, hybrid-

event flows (e.g. Baas et al., 2009; Patacci et al., 2014, Southern et al., 2015, 2017) and 

predict abrupt termination against slopes with the formation of well-developed hybrid event 

beds with mud-clast rich debrites (Bakke et al., 2013; Soutter et al., 2019). Mud-deficient, but 

hyperconcentrated, coarse-grained, composite gravity flows are also observed to be confined 

to bathymetric lows in the West Xylokastro Fault Block, and display a variety of depositional 

fabrics and pinch-out styles that are interpreted to form from spatial and temporal 

heterogeneities in the rheology of such flows (Sohn et al., 2002; Kane et al., 2009; Cronin et 

al., 2018). Many models for the transport and structure of conglomerate bearing flows rely on 

the expansion of bi-partite high-density turbidite models (Lowe, 1982; Postma et al., 1988) 

with a highly concentrated basal layer of the coarsest grains, transported as a laminar or 

transitional flow depositing as collapsing traction carpets (Sohn, 1997, 2000) or through more 

chaotic frictional-freezing. Lowe (1982) and Postma et al. (1988) models demonstrate this 

layer to be largely decoupled from an overlying more dilute turbulent part of the flow through 

density stratification, which moves at a greater velocity. However, this is difficult to reconcile 

with the observations of a sandstone-rich but heterolithic ramp into the Minor fault 1 

depocentre, which longitudinally separates two conglomerate-rich assemblages along the 

depositional pathway.  

Where flows become strongly stratified or separate, the responses to non-uniformity may be 

quite different, where the differing concentration and momentum of different flow portions 

either promotes further acceleration or a return to deacceleration (Kneller & McCaffrey, 1999; 
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McCaffrey & Kneller, 2004). Density stratification is known to influence non-uniformity of flows, 

conceptually characterised by the internal Froude number, Fi  (Kneller & McCaffrey, 1999), 

however it remains unclear how this applies in polydisperse flows, where the basal, decoupled 

layer may be laminar and requires further process based research. Much of the work focussing 

on the interaction of stratified flows with low Fi numbers, has focussed on flows running up 

opposing slopes, or against laterally confining slopes (Kneller & McCaffrey, 1999; McCaffrey 

& Kneller, 2004; Patacci et al., 2014). In such instances, lower, denser parts of flows have 

more limited run-up due to rapid deceleration, making them prone to moving into the depletive 

realm, similar to flows entering the base of slope (Kneller & McCaffrey, 1999; Amy et al., 2004; 

Pohl et al., 2020). Higher, less dense parts of the flow may be able to run up or reflect from 

topography as ‘bores’ moving back towards a depocenter, away from a confining slope 

(Kneller & McCaffrey, 1999; McCaffrey & Kneller, 2004; Patacci et al., 2014). However, in the 

West Xylokastro example flows encounter an increase in axial gradient aligned with their 

transport direction. Here, the lower part of the flow is able to accelerate more readily and 

promotes the ‘run-away’ of the conglomeratic dense basal layer of flows. This is in coherence 

with lower, dense parts of flows showing rapid deacceleration when approaching an opposing 

slope (e.g. McCaffrey & Kneller, 2004). Meanwhile, the weaker impact of non-uniformity upon 

the upper more dense part of the flow may promote either more limited acceleration, or where 

sediment concentration and flow height conditions permit, a separation of flows, and a change 

to a deaccelerating or lofting cloud of fine-grained dilute material. Similarly, the lower, dense 

parts of flows may aid this stream-wise segregation through their greater momentum with 

respect to overlying, dilute parts of the flow. As a result, flows over intra-basinal flats or ramps 

along the depositional pathway following steep slopes which promote prior acceleration, may 

demonstrate longer than anticipated run-out distances unless momentum is readily dissipated 

through turbulence and associated fluid entrainment, which may be dampened by high-

sediment concentrations in the basal layers (Al Ja’Aidi et al., 2004; Dorrell et al., 2019). The 

momentum of flows is likely to be an extremely important factor in determining their routing 

through topographically complex pathways and as a result, facies predictions must consider 

the entire flow path and the potential for up-dip acceleration or deceleration where possible. 

The interpretation for the flows entering the Minor fault 1 depocenetre relies on the longitudinal 

segregation of composite gravity flows (CGFs). In coarse grained systems CGFs are similar 

to sub-aerial clast-rich debris flows (Cas & Landis, 1987). CGFs have a clast-rich non-

cohesive head of the flow, followed by a more fluidal, hyperconcentrated flow portion 

comprising a broad grain-size range, and a tail similar to high-density and low-density turbulent 

gravity currents (Sohn et al., 2002; Haughton et al., 2009; Kane et al., 2009). CGFs can form 

as steady flows capable of supporting large grainsizes aided by their high concentration and 
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overall thickness on steep slopes (Nemec, 1990; Smith & Lower, 1991, Kneller & Branney, 

1995; Kane et al., 2009). This allows downslope acceleration to be maintained in the 

hyperconcentrated, lower basal layer of the flow, as fines are winnowed from the flow into 

turbulent suspension in the wake of the flow enhancing the composite nature of the flow and 

may even loft upon bathymetric interaction (Middleton & Hampton. 1973; Postma, 1984; 

Postma et al., 1988; Sohn et al., 2002; Stevenson & Peakall, 2010). This promotes the vertical 

and longitudinal segregation of the flow, and may reduce the impact of cohesive fines on 

slowing the flow, with high sediment-concentrations making ambient water entrainment a 

slower process in dispersing clasts at the base of the flow (e.g. Rees, 1983; Lowe, 1982; 

Seizilles et al., 2014). CGF processes are well documented within the umbrella term of ‘debris-

flows’ in alluvial fans, but offer a potential mechanism for long-distance, very-coarse grained 

run-out within subaqueous rift settings and require further study. 

6.8.1.3 Triggering mechanisms 

Within the entirety of the Ilias – West Xylokastro RDF sedimentary system, the majority of the 

conglomeratic grain-size fraction is ‘trapped’ up-dip, within the delta foresets (Chapter 4, 

Collier & Dart, 1994; Rohais et al., 2007a,b; Gobo et al., 2014a,b,2015; Rubi et al., 2018; 

Cullen et al., 2019). With the exception of certain finer-grained packages (e.g. WX4), the delta 

foresets largely comprise conglomeratic debrites and granular flows or gravelly sandstone 

debrite deposits (Rohais et al., 2007a,b; Gobo et al., 2014a,b,2015). The absence of 

sandstone-rich stratigraphy within the foresets, suggests a tendency for basinward sediment 

supply, largely driven by hyperpycnal flows is highly likely, and is well documented in similar 

settings (Heezen et al., 1966; Postma, 1984; Postma et al., 1988; Papadopoulous, 2003; 

Hughes Clarke, 2016; Gales et al., 2018; Hage et al., 2019). However, the potential for 

sediment delivery through instantaneous collapse of delta foresets or intra-basinal slopes 

(triggered either by seismic activity, or supply-driven overloading of slopes) are both possible 

triggers for any given event. Inverse grading, grain-size breaks or coarsening and fining grain-

size profiles of individual beds have in some cases been interpreted as direct indicators of 

hyperpycnal flows and variability of river discharge (Mulder & Syvitski, 1995; Mulder et al., 

2003; Bourget et al., 2010a,b). However, such observations have other possible formative 

mechanisms. Topographic interaction (Amy et al., 2004, Patacci et al., 2014), rheological 

transformation (Gobo et al., 2014a,b; Strachan et al., 2013), temporo-spatial changes in non-

uniformity and flow heterogeneities (McCaffrey & Kneller, 2004), bulk sediment distribution 

and grain-size segregation (Johnson et al., 2012), are all capable of producing similar grain-

size profiles or breaks independent of river-discharge related influences. As a result, with the 

exception of certain successions in the Xelidori Chute, flows are treated in independently of 

their trigger in recognition of a non-resolvable triggering mechanism. The present 
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understanding of gravity flows, particularly in very-coarse grained flows, is insufficient for the 

definitive interpretation of triggers for individual events (sensu. Tek et al., 2020) and the final 

sedimentological model encompasses this, placing no interpretation for the formative 

mechanisms behind the flows themselves (Figure 6-21). 

6.8.2 Geobody and hierarchical classification of confined deep-water syn-rift systems 

The exposures of the West Xylokastro Fault Block highlight that in many cases stratigraphic 

elements and heterogeneity do not fit well into existing hierarchical schemes, such as the 

chute-lobe systems within the proximal bottomsets described in this chapter, CUBs (Chapter 

4), or the weakly channelised and confined fan aprons that dominate much of the West 

Xylokastro RDF stratigraphy. The addition of these depositional elements to an existing 

architectural element scheme becomes further complicated by transitional nature and frequent 

amalgamation to form a composite apron of deposits. This is particularly common within the 

proximal bottomset where discrete elements, such as CUBs or lobes, amalgamate up-dip into 

winged chutes and laterally into bed-scale compensationally stacked, heterolithic gravelly 

turbidite packages (FA4a/FA4b)  forming the tabular and lensoidal heterolithic packages and 

which may be sourced both as overbank flows from the chute, or be unrelated to the chute 

sediment supply. 

Where discrete geobodies can be identified lateral confinement forms a fundamental control 

on their dimensions and character. In some instances, this lateral confinement is autogenic 

and intrinsic to a given depositional element (such as the cumulative erosion and overbank 

deposition of the base of slope chutes at Xelidori) or is controlled by allogenic factors (e.g. 

hanging wall synclines forming lateral confinement). Individual flows are both laterally confined 

in these instances. However, the manifestation of this in deposits occurs at different 

hierarchical scales. For example, individual beds in the chutes at Xelidori typically fill the entire 

width of the chute, in some cases depositing up onto the winged sides of the chute. In contrast, 

channelised elements at Vyzantini show bed-scale compensational stacking within individual 

channel-fills, which themselves stack into channel storeys, dictated by pre-existing form of the 

hanging wall syncline (sensu. Sprague et al., 2005). Similarly, the dimensions of conglomeratic 

sheets and the later weakly channelised fan in the hanging wall of Minor Fault 1 shows varying 

scales of compensational stacking as bedset scale lateral accretion packages to form 

internally complex composite sheets, the thickness of which is governed by quasi-

instantaneously emplaced mass transport deposits. Further complexity on the organisation of 

depositional bodies likely exist through the interaction of multiple inputs (Chapter 4) altering 

the depositional topography of the basin-floor and influencing lateral confinement and the 

available space for the avulsion of individual lobes or fans.  
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In summary, the West Xylokastro RDF demonstrates short-scale lateral transitions between 

fan-apron style depositional settings, and architecture akin to confined deep-water systems. 

Single channel-lobe system hierarchical databases, whilst appropriate for some elements of 

the depositional systems within deep-water rift settings, are unlikely to be able to fully 

characterise the substantial stratigraphic variability presented, especially within “ramp” or 

“apron” type settings (Heller & Dickinson, 1985) and so depositional models (whether 

hierarchical or not) need to characterise the transitions between these two endmembers. 

Integrating robust structural mapping can inform the interpretation of such transitions, which 

are often governed by the location of intra-basinal bypass zones. 

6.9 Conclusions 

How do sedimentary processes in coarse-grained flows and their interactions with 

bathymetry influence the dispersal of coarse-grained material into extensive deep-water 

fans?  

The West Xylokastro RDF highlights that sediment dispersal is strongly influenced by the 

bathymetry. Steepening axial gradients were promoted through the growth of basin bounding 

and intra-basinal structures, which acted to accelerate and capture coarse-grained flows in 

hanging wall depocentres. Lateral confinement from hanging wall synclines can promote highly 

efficient flows to transport coarse-grained material over long distances from the Gilbert-delta 

bottomset. Intra-basinal bypass zones on the ramps into subsidiary depocentres similarly 

accelerate coarse-grained flows to increase their basinward transport. Perturbation of flows 

results from the growth of footwall highs of intra-basinal structures, which further act to route 

flows into bathymetric lows. This effect becomes stronger in the latter stage of the evolution of 

the depocentre. Coarse-grained, conglomeratic flows are susceptible to composite behaviour 

where acceleration within intra-basinal bypass zones of different flow portions. Basal, highly 

concentrated flows with very coarse-grained portions can be accelerated due to steep slopes 

on delta foresets, or intra-basinal structures, but are sensitive to gradient changes in the base 

of slope, where the coarsest fraction is chaotically deposited due to the shallowing gradient. 

Finer-grained portions may exhibit inhibition of their downslope movement where they are 

unable to accelerate through near-bed turbulence and through ambient water entrainment. 

However, finer-grained portions of composite flows are less susceptible to breaks-in-slope and 

can run out for longer distances. The combination of these effects produces complex, down-

slope transitions and spatially detached depositional bodies. Sediment-concentration dependent 

bathymetric interaction is well documented in many deep-water, which explains the broad 

distribution of high-concentration, debritic deposits within the West Xylokastro depocenter. The 

West Xylokastro RDF augments these models by providing examples of how intra-basinal 
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bathymetric slopes can provide reacceleration of high-density flows to provide detached 

accumulations of coarse-grained debrites.  

At what scale does intra-basinal bathymetry influence stratigraphic architecture, and is 

this consistent within syn-rift depositional settings? 

Intra-basinal bathymetry affects stratigraphic architecture from the bed-scale to system-scale 

within the West Xylokastro RDF. Bed-scale lateral compensation is common due to complex 

bathymetry of the basin floor from mass-transport deposits and structures. Similarly, the 

composite depositional bodies formed through the progressive evolution of the system are 

controlled more broadly by the volume of depositional lows, and the gradient of any lateral or 

frontal confinement. Strong lateral confinement within hanging wall synclines acts to promote 

channelised architectures, whereas weaker lateral confinement within subsidiary depositional 

lows permits more expansive, but complex, sheet and lobate forms to develop within broader 

fan-apron morphologies. The routing effects of intra-basinal bathymetry can act to locally 

condense these fans onto intra-basinal highs, or pond them within bathymetric lows.  

What are the dimensions and internal character of geobodies within the West Xylokastro 

depositional system, and do these form well-developed and predictable hierarchical 

depositional architectures? 

The dimensions and morphologies of composite geobodies are fundamentally controlled by the 

lateral and frontal confinement produced by intra-basinal bathymetry. This bathymetry is strongly 

related to basin bounding and intra-basinal structures but will be regulated by the capability of 

sediment supply to fill the available space, and by complex interactions with other depositional 

bathymetry. As a result of this, stratigraphic architecture changes over short spatial and temporal 

scales and is challenging to predict. The stratigraphy does not show well developed cyclic 

behaviour likely to due to the interaction of different sedimentary systems within the basin. The 

exposures in this study provide examples of the typical scales and character of stratigraphic 

heterogeneity in different structural and geomorphic settings.
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This chapter integrates the results of the data chapters and begins to examine their impact 

with relation to the three principal research questions laid out in the introduction.  

1) How do structural evolution and rift physiography influence sediment dispersal patterns 

in deep-water syn-rift systems?  

2) How does climatic and vegetation change influence sediment supply from catchments 

into rift basins?  

3) What are the styles and controls of bed to sub-basin scale stratigraphic architecture of 

deep-water deposits in rift basins?  

This is followed by key industrially applicable learnings from the above research questions 

and recommendations for further work within deep-water syn-rift basins and broader 

tectonostratigraphic studies in rifts.  

Cover image: View of the West Xylokastro fault block exposures onshore from Pyrgos Hill above the fault tip of the 

West Xylokastro fault. The drillship, Fugro Synergy, can be seen as small red and white dot on the right-hand side 

in the Gulf of Corinth drilling hole M0078 of IODP Expedition 381. 
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Chapter 7 - Discussion 

7.1 Research Question 1 – How do structural evolution and rift physiography 

influence sediment dispersal patterns in deep-water syn-rift systems?  

7.1.1 Influence of structural and depositional topography on sediment dispersal 

The growth of structures forms possibly the most fundamental control upon sediment dispersal 

into, within, and between deep-water syn-rift depocentres. Localised subsidence of 

depocentres has long been included within depositional models for all rift systems (Ravnås & 

Steel, 1998; Cowie et al., 2000; Gawthorpe & Leeder, 2000). The dominance of transverse 

deep-water systems in such models, however, led to emphasis on relatively simple structural 

settings for their evolution; depositing immediately into locations of greatest subsidence within 

the immediate hanging wall. The run-out distances as a result of those transverse depositional 

systems is typically a function of the aggradation and gradual equilibration of the depositional 

profile of the apron into the hanging wall (Nemec, 1990). Axial systems have typically been 

modelled to run parallel or sub-parallel to faults, focussing sediment flux toward the 

topographic low at the fault centre where subsidence is greatest (Gawthorpe et al., 1994, 

2018; Gawthorpe & Leeder 2000; Jackson et al., 2011; Strachan et al., 2013; McArthur et al., 

2016a; Muravchik et al., 2019). As demonstrated in previous chapters, the West Xylokastro 

Fault Block provides an exhumed system that demonstrates the capability for topography 

generated by basin-margin bounding faults to ‘capture’ sediment from fault tip deltas into well-

developed channelised and non-channelised depositional systems (e.g. Athmer et al., 2010; 

Gawthorpe et al., 2018). 

At the broadest scale, the accumulation of sediment within a deep-water syn-rift depocenter 

is a function of subsidence controlled topography and the volume of sediment supplied into it 

(Figure 7-1, Prather et al., 2003, 2017; Prélat et al., 2010; Hajek & Straub, 2017). As a result, 

whilst subsidence varies in a relatively predictable fashion along a normal fault segment 

(Figure 7-1a), accommodation based systems tracts delineated in deltas, where 

accommodation is ‘pinned’ to sea-level, do not have simple translations into the deep-water 

realm (Gawthorpe et al., 1994; Prather et al., 2003, 2017; Catanneau, 2008; Barett et al., 

2018). Chapters 4 and 5 highlight that whilst deltaic stratigraphic surfaces may have 

correlative deep-water expressions, these form as a response to changes in sediment flux 

into, or the topography of, the deep-water realm (Hodgson et al., 2016; Prather et al., 2017, 

Chapter 5). As a result, the well-established interactions of accommodation and supply around 

normal faults (Gawthorpe et al., 1994; Collier & Gawthorpe, 1995) can only predict, for 

example, areas of substantially under-filled accommodation, but struggle to characterise the 
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internal stratigraphy of deep water syn-rift stratigraphy. In a simple half-graben with an elliptical 

hanging wall topography, a given volume of sediment from an axial source (SVAx1 in Figure 

7-1b) will occupy the corresponding volume, V1, within the depocenter. V1 will have a spatial 

extent bound by the corresponding structural or topographic contour for that volume (A1, Figure 

7-1b). Whilst complications exist in the temporary storage and redistribution of systems, if the 

input sediment volume remains the same through time for a given time step the spatial area 

of the deposit should decrease (A2, Figure 7-1b) to match the local increase in subsidence at 

the fault centre as fault-tips experience no net subsidence (Figure 7-1b).  

Broader/footwall margin uplift is likely to promote over-steepened terrestrial drainages and to 

increase sediment flux during the evolution of a rifted margin (e.g. Allen & Allen, 2005; 

Armitage et al., 2011). Similarly, increased subsidence of the hanging wall depocenter 

produces ever-steepening structural ramps, increasing the ability for hanging wall ‘capture’ of 

fault tip sediment flux. The increasing capture of sediment from input sources is demonstrated 

in the bottomsets of the Ilias delta where a vertical increase in the existence of channelised 

deposits and focussing of these towards the West Xylokastro depocenter is observed (Chapter 

4, 6). Increases in sediment flux promote either maintenance or expansion of the aerial extent 

of deposits during a given timestep (Figure 7-1b). This produces typical fault-ward thickening, 

but laterally expanding ‘early syn-rift’ wedges observed in classical syn-rift half-graben models 

(Prosser, 1993; Ravnås & Steel, 1998).  

The gross-stratigraphic architecture described above becomes immediately more complicated 

in a system where multiple inputs compete to fill a given volume of the depocenter, as is 

demonstrated in the West Xylokastro Fault Block in Chapter 4. Transverse systems, whether 

due to fault-scarp collapse or more developed footwall drainages, occupy the immediate 

hanging wall, reducing the available volume for axial systems and shifting them away from the 

fault. This shifting of the axial system leads to a ‘zone of fairway restriction’ proposed in 

Chapter 4, where an axial system experiences stronger lateral confinement at the system 

scale than predicted by the simpler mass balance model described earlier. Where a transverse 

system precedes or aggrades less than an axial system, such topography gradually heals. 

However, coeval or complex variations in sediment supply to both the axial and transverse 

system can produce frequent re-setting of this and generate complex stratigraphic trends. 

Chapter 4 highlights intercalation of transverse mass-transport deposits with axial systems at 

considerable distances from the basin margin; analogous to examples on the Josephine Ridge 

of the Central Graben (McArthur et al., 2016a). With prolonged structural growth, footwall 

emergence increases the likelihood of footwall degradation and the associated development 

of more substantial transverse systems (Ravnås & Steel, 1998; Gawthorpe & Leeder, 2000; 

McArthur et al., 2016a,d; Henstra et al., 2016a,b; Bilal et al., 2018, Barrett et al., 2020). As a 
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result, some models pose transverse and axial systems to be temporally separated (e.g. 

Prosser, 1993; Ravnås & Steel, 1998). However, subsurface and regional outcrop examples 

have since demonstrated that the geography of catchments, variable sediment supply, and 

complex structural histories can produce coeval, or any combination of transverse-axial 

evolution (Gawthorpe & Leeder, 2000; Nøttvedt et al., 2000; McLeod et al., 2002; Leppard & 

Gawthorpe, 2006; McArthur et al., 2016a; Henstra et al., 2016b; Elliot et al., 2017; Marín et 

al., 2017; Chen et al., 2020). Holocene mass transport deposits sourced from transverse 

Gilbert-type deltas in the Western Gulf of Corinth provide another example. These abut and 

interact with axial channel systems sourced from the Rion Sill and in some cases form tributary 

inputs (McNeil et al., 2005a, Beckers et al., 2018). The existence of coeval sedimentary 

systems within deep-water rift settings has important implications for the applicability of 

sedimentary flux mass-balance models within rift settings. Detailed and complex sediment flux 

calculations from catchments (e.g. Armitage et al., 2011; Whittaker et al., 2011; Pechlivanidou 

et al., 2018, 2019; Watkins et al., 2018, 2020) need to be married with equally detailed process 

and structural analysis of these depositional complications (e.g. Athmer et al., 2010; Athmer 

& Luthi, 2011) to accurately predict and characterise the dispersal, deposition and architecture 

of transported sediment volumes.  

At a finer-scale, axial systems can intercalate with transverse systems producing complex 

vertical stratigraphic successions, especially where systems may have different autogenic and 

allogenic influences on sediment supply. Similarly, the along-strike variability of transverse 

systems means the nature of any basinward or marginward shift imparted upon axial systems 

and consequent onlap relationships may change considerably along the length of a normal 

fault. The preservation of this variability is documented in Chapter 4, where the proximal part 

of the axial fairway is only shifted from the immediate hanging wall by a relatively minor amount 

(<1.5 km). In contrast, more distal parts of the axial fairway are twice as far from the immediate 

West Xylokastro Fault hanging wall (~3 km) due to the impact of the Likoporiá Slide (Chapter 

4). This variability can also be observed on the modern seafloor of the Gulf of Corinth in the 

hanging wall of the South Eratini Fault ( Figure 7-2 A, B). Smaller displacements at fault tips 

promote smaller, probably less frequent, mass-wasting events, whereas a much larger apron 

dominates the centre of the South Eratini Fault segment (Figure 7-2b). The variability seen in 

mass-wasting styles in both the West Xylokastro exposures and the South Eratini bathymetry 

are coherent with ‘bell curve’ displacement variability of a normal fault (Peacock & Sanderson, 

1991; Morley, 1999; Cowie et al, 2000; Peacock, 2002). However, where exposed footwalls 

are linked to prolonged or large transverse onshore catchments, along-strike variability can 

become less coherent with fault displacement where transverse inputs may perturb an axial 

system at various locations along a normal fault, highlighting the need for understanding of 
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broader depocentre physiography and drainage (Bilal et al., 2017; Chen et al., 2020; Barrett 

et al., 2020).  

 

Figure 7-1 Conceptual cartoons highlight the impact of changing basinal accommodation through subsidence 
and the impact of interacting depositional systems. Sv = Sediment Volume. An = Accommodation 
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Along-strike variability of axial-transverse interactions similarly exist at the scale of entire rifted 

margins. Watkins et al. (2018) highlight an order of magnitude increase in Holocene sediment 

discharge between the shallower gradient catchments of the Eastern Gulf of Corinth southern 

margin, and the steeper, shorter catchments of the Gulf of Corinth southern margin 60 - 80 

km to the west, along strike. Transverse systems within the central and eastern modern Gulf 

of Corinth are restricted to smaller base-of-slope fans immediately down-dip of river systems 

(Watkins et al., 2016, 2018) with virtually no interference with the main basin-axial channel 

where the width of the rift allows the two systems to operate separately. Contrary to this, the 

narrower western end of the rift develops substantial Gilbert type deltas with numerous long 

run-out bottomset channels which abut, or in some cases feed into, the axial channel of the 

rift (Figure 7-2a; McNeil et al., 2005a; Beckers et al., 2016, 2018). 

Transverse inputs to a depocenter do not necessarily require a subaerially exposed footwall 

or direct connection to transverse drainages. The filling of fault-proximal accommodation can 

instead occur through localised mass wasting processes during the evolution of a fault (Figure 

7-2b). The precursor evolution of fault-propagation folds above blind faults (Figure 7-2) act to 

force an axial depositional system into the base of a monocline/inclined syncline. The 

magnitude, morphology, and evolution of this shift is controlled by the structural geometry and 

evolution of the fault propagation fold which can have substantial complexity (e.g. Gulf of Suez 

- Sharp et al., 2000; Draupne Fm, Sleipner Fault, UK - Jackson et al., 2017; Coleman et al., 

2019). Also, the deformation and over-steepening of unconsolidated and potentially over-

pressured seafloor material is known to promote mass wasting on fault propagation folds and 

is seen in modern bathymetric and ancient studies  (e.g. Figure 7-2; Katz et al., 2015; Jolly et 

al., 2016; Omeru et al., 2019). The nature of the bounding structure itself, e.g. including small 

terraces as opposed to a single large-offset fault (Figure 7-2), is a further variable and would 

likely be unresolvable within seismic datasets (e.g. Wood et al., 2015). Ultimately, the shift of 

axially emplaced depositional systems can occur at any point during depocenter evolution, 

contrary to the prevailing transverse-dominated to axial-dominated evolutionary model for 

deep-water syn-rift depocentres (e.g. Ravnås & Steel, 1998). 
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Figure 7-2 The seafloor expression of the various stages of normal fault growth are complex and often unlike the 
expansive planar fault scarps of typical conceptual models. A) Cropped regional map after Gawthorpe et al. 
(2018) for the location of the Eratini horst Block. B) Unnannotated (1) and annotated (2) 3D oblique view of 

multibeam bathymetry (courtesy of Carol Cotterill) over the Eratini Horst Block highlighting the complexity of the 
exposed ‘fault scarp’. C) Conceptual cartoons of different possible mechanisms for the forcing of axial systems 

within deep-water syn-rift depocentres. (FSD – Fault Scarp Degradation). 
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Intra-basinal and basin bounding structures have been shown to influence the complexities of 

sediment routing on the basin floor (Chapter 4, 6). Individual flow pathways within a 

depocenter may be tortuous and have the potential for stepped or complex depositional 

profiles (Figure 7-3). Figure 7-3 provides a potential evolutionary sequence of the complexities 

of sediment routing over an evolving sea-floor. Chapter 4 highlights intra-basinal structures 

which tend to produce more heterolithic stratigraphies on intra-basinal footwall crests and 

topographic highs, with thicker packages of coarser grained lithofacies ponded within 

subsidiary depocentres bounded by minor faults. Sediment starvation of topographic highs is 

usually attributed to larger bathymetric features that bound basins and operate at the system 

scale (Gawthorpe & Leeder, 2000; Southern et al., 2017), however here such sediment 

starvation is shown to scale to smaller-scale variability within a system. Chapter 6 highlights 

how complex topographic interaction of polydisperse (i.e very large grain-size ranges) and 

coarse-grained flows in bypass zones can produce departures from simple basinward fining 

models, deemed typical of most deep-water systems (e.g. Talling et al., 2013). Intra-basinal 

acceleration across bypass zones can produce a mechanism for the continued export of 

sediment to deeper water locations (Kneller, 1995; Kneller & McCaffrey, 1999), the orientation 

of flows being controlled by the orientation of structures. Conversely, the opposing, updip ramp 

of a subsidiary depocentre is likely to be a zone which frontally confines flows and causes 

them to either fully or partially arrest/decelerate, or even reflect. The variety of kinematically 

feasible fault geometries within a rift depocentre (e.g. Khalil & McClay. 2019) means the 

prediction and/or interpretation of the location of bypass zones should be complemented with 

robust structural mapping and reconstruction at the highest temporal resolution possible. 

Subsurface and outcrop studies in sand-rich systems have demonstrated that the potential for 

topographic interaction is dependent to an extent on flow concentration (Kneller & McCaffrey, 

1995; Al Ja’aidi, 2000;2004; Bakke et al., 2013; Porten et al., 2016; Soutter et al., 2019). 

Higher-concentration flows such as debris flows, and high-density turbidity currents are 

modelled to be routed around topographic highs whilst low-density turbidity currents can be 

more pervasive. Observations from the West Xylokastro RDF (Chapter 4 and Chapter 6) 

highlight that this extends to coarse-grained, hyperconcentrated flows which are typically 

routed and restricted to palaeobathymetric lows. Palaeobathymetric highs within Chapter 4 

and 6 are demonstrated to host more heterolithic stratigraphy as the deposits of low-density 

turbidity currents, but also a greater abundance of sand-rich, high-density flows as footwall 

highs are healed by the high sediment supply typical of deep-water syn-rift systems.  
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Figure 7-3 Cartoons for a synthetic half-graben with a minor intra-basinal structure and axial sediment fairways 
interacting with: A) well developed faults; B) early growth of a basin bounding structure and a largely buried intra-
basinal structure; C) well developed fault propagation folds of near-surface fault tips; and D) well developed basin 

bounding and intra-basinal faults and co-eval transverse system. 
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Flows ‘captured’ by the axial gradient of intra-basinal lows from minor faults likely encounter 

shallow flow-opposing slopes at the downdip end of a given subsidiary depocenter. Such 

slopes may be relatively shallow, meaning turbulent flows may continue down-dip into the 

broader depocenter whilst coarser, denser flows (e.g. hyperconcentrated debris flows) are 

frontally confined due to stronger deceleration on the slope (Chapter 5, 6). This is 

demonstrated in the West Xylokastro RDF near to the Skoupeikia region where the last 

exposures of conglomeratic facies occur ~8 – 9 km down the transport path. This 

conglomerate ‘threshold’ or ‘front’ within the hanging wall of a minor fault is demonstrated to 

prograde down-system with cliffs near Stomío showing the termination of conglomeratic 

sheets ~6 km down system within the older part of the stratigraphy (WX2) relatively abruptly 

against an up-dip facing shallow slope. Younger conglomeratic deposits reach the maximum 

observed limit of ~9 km down-system in the form of thinner conglomeratic sheets that pinch 

out near Skoupeikia within WX5. This progression and changing dispersion of conglomeratic 

material reflects the two-stage ‘ponding’ and ‘routing’ model for the influence of a minor intra-

basinal structure. The healing of the flow-opposing slope aids to promote less severe 

deacceleration, promoting the gradual progradation of coarser-grained facies ‘fronts’ downdip. 

This may however be modulated by sediment supply variability (Chapter 5) or through healing 

of the up-dip accelerating slope, which if shallower adds less acceleration to coarser grained 

flows. This highlights the need to consider intra- and extra- basinal structures not as fixed 

topographic disturbances, but structures which evolve and produce different topographic 

effects through their evolution and interaction with deposition. At a broader system scale, the 

ponding effect of this earlier phase of intra-basinal structure evolution may act to promote the 

gradual ‘cleaning’ of the depositional system down-dip as demonstrated by the sand-rich lobes 

east of Skoupeikia within the West Xylokastro RDF and complex heterolithic and coarse-

grained aprons west of Skoupeikia (Patacci et al., 2015; Marini et al., 2016). This phenomenon 

highlights the need to consider the topographic effects on different flow types, concentrations, 

and characterise those which are more susceptible to topographic control.  

In Chapter 6, fault-proximal hanging wall synclines are interpreted to promote highly efficient 

flows as a result of a steep axial gradient, lateral confinement leading to the development of 

weakly channelised systems (e.g. Figure 7-3c). The occurrence of channelised systems close 

to the immediate hanging wall of basin bounding structures has been demonstrated in outcrop 

previously (Kane et al., 2009 – Rosario Fm; Kane et al., 2010 – Waddington Fell; Muravchik 

et al., 2019 – Sythas Valley RDF, Corinth Rift). However, these examples are attributed to the 

tendency of already established incisional channel systems to respond to basinal tilt and flow 

to the location of greatest subsidence (Kane et al., 2010). In Chapter 6, hanging wall synclines 

are demonstrated as potential structurally-forced sedimentary conduits without the need for 
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progressive autocyclic confinement, and may promote the process of channelisation for the 

distal export of coarse-grained flows further than may be feasible on a less confined, broad 

axial slope (Kneller, 1995; Kneller & McCaffrey, 1999; Clark & Cartwright, 2011; Hodgson et 

al., 2016). This lateral confinement is shown to act from the bed-scale with bed-scale 

compensation common throughout (sensu. Bell et al., 2018). Similar lateral confinement may 

also exist against the slope of an apron of transversely emplaced mass transport deposits 

(Figure 7-3d). The West Xylokastro example in this thesis is not interpreted to be a strongly 

channelised system, with much of the sedimentary architecture reflecting only localised 

scouring in response to changes in slope or transient, minor channels that are part of broader 

fan or lobe-like elements (Chapter 4, 6). The exception to this is the genesis of a spatially 

restricted channelised system within hanging wall synclines (e.g. Vyzantini, Chapter 6) as a 

response to the seafloor topography and smaller scale lateral confinement typical of hanging 

wall synclines. Elliot et al. (2017) observe similar proximal, laterally confined flow pathways in 

Kimmeridgian turbidite systems along the Vingleia Fault Complex bounding the Frøya High. 

Confined, margin-proximal flow pathways achieve much greater distances (>25 km) of 

transport than flow pathways that are distal to the margin (~10 km) in Kimmeridgian turbidite 

systems around the Frøya High. Similar fan-scale lateral confinement and differing spatial 

constrictions are noted in the Sea Lion sub-lacustrine fan systems of the North Falklands 

(Dodd et al., 2019). 

7.1.2 Structural forcing of depositional profiles and impact on temporal evolution of 

sediment dispersal  

Given the difficulty in translating accommodation-based stratigraphic tracts into the deep-

water setting, depositional profiles and their equilibrium are often utilised to address how 

supply fluctuations determine system scale deposition, bypass, erosion or hiatus in deep-

water sedimentary systems (Kneller, 1995, 2003; Prather et al., 2003, 2017; Prélat et al., 2010; 

Hodgson et al., 2016; Hajek & Straub, 2017). However, depositional profiles are seldom 

employed within the deep-water active rift basins, where temporal changes in subsidence are 

viewed as complications on supply signals rather than a first order control on how systems 

respond to meeting their equilibrium profile (Ross et al., 1994; Kneller, 1995; Hodgson et al., 

2016). They have however, been successful in explaining the evolution of channelised 

systems within deep-water sequences influenced by halokinesis (Kane et al., 2012) and are 

often utilised in the study of onshore drainage evolution in rift studies (Whittaker et al., 2007; 

Armitage et al., 2011; Leeder et al., 2011; Duffy et al., 2015; Fernandéz-Blanco et al., 2019; 

Zondervan et al., 2020). The depositional slope profile has potential to be altered by basin-

bounding structures (Figure 7-4a). Where multiple structures interact, this will likely promote 

further temporal and spatial complexities in subsidence and uplift (e.g. Khalil & McClay, 2016). 
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Figure 7-4 highlights two possible flow pathway scenarios that show demonstrable differences 

in their depositional profiles affected by subsidence. For an axial system, continued 

subsidence at the deepest part of the depositional profile acts to lower the level of the basin-

floor, but the lack of net subsidence at the fault tips means the uppermost portion of the slope 

profile remains at the same relative elevation (Figure 7-4). An isolated normal fault (Figure 

7-4a), will have an semi-elliptical subsidence field in it’s hangingwall and corresponding uplift 

field in its footwall (Gawthorpe et al., 1994). As a result, for a given basin-axial transect, the 

topography produced by the increased displacement of the hangingwall at the fault centre 

compared to a minima at the fault tips, will form a parabola (Gawthorpe et al., 1994; Barrett et 

al., 2018). In natural systems, complex fault segmentation or fault interactions undoubtedly 

promote departures from this parabola, and where partially filled with the sediment the shape 

of the depositional profile will equally be non-parabolic. With increasing displacement through 

time, this depositional profile will steepen (Figure 7-4b). Spatial variability in subsidence 

patterns will mean this steepening occurs at different rates, and different magnitudes 

depending on location of a given depositional profile, such as the two profiles examined in 

Figure 7-4. Similarly, where two faults interact, (e.g. Minor Fault 1 and the West Xylokastro 

Fault) complex interactions of the subsidence field may promote different rates and 

magnitudes of subsidence increase and resultant depositional profile steepening (Figure 

7-4b).  

Figure 7-4 (Next page): Conceptual model for spatially and temporally different depositional profiles responding 
to structural growth. N.B depositional profiles in this instance are purely structural and are proposed to form the 

basis for further changes of aggradation and erosion. (BF – Bounding Fault, IBF – Intra-Basinal Fault). 
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A flow pathway in the hanging wall close to a basin bounding fault (e.g. Y – Margin Proximal 

in Figure 7-4b) will show a gradual steepening of the profile through time during an underfilled 

episode. This steepening begins to slow as fault activity decreases. Steepening places the 

slope out of equilibrium, generating positive accommodation (sensu. Kneller, 1995 

terminology) at the base of slope. For a constant-length fault model, the location of this 

structurally controlled break in slope will be determined by a combination of the along-strike 

displacement gradient, and any previous depositional topography (Morley et al., 2002; 

Jackson et al., 2017; Pohl et al., 2020 Figure 7-4b). Given the tendency to be over-steepened, 

much of the slope in this pathway becomes prone to highly efficient sediment bypass and 

potential incision (e.g. Hodgson et al., 2016). As subsidence continues, so does the re-

steepening of the slope profile so that disequilibrium can be protracted, maintained or re-

established. At the timescale of the evolution of the depocentre this is likely to mean that fault-

proximal pathways are more likely to see protracted incision and the development of conduits 

(canyons and channels) which may be enhanced or triggered through the lateral confinement 

described in Chapter 4 and 6 and discussed above. Variability in input sediment supply will 

naturally alter the internal erosion and fill histories of hanging wall syncline channels (Chapter 

5, Hodgson et al., 2016). However, the steep axial gradient of the depositional slope and 

lateral confinement against hanging wall syncline topography or transverse aprons may mean 

the sedimentary product of this is manifested increasingly in the terminal lobe deposits, or 

where present in overbanks rather than within hanging wall syncline channels themselves 

(sensu. Hodgson et al., 2016). The mechanism for channel filling therefore relies on either i) 

the infill of downslope accommodation with respect to the equilibrium profile promoting a 

gradual back-filling of the channel; ii) waning sediment supply shutdowns; iii) cessation of 

faulting activity such that the slope can re-equilibrate; or iv) the linking of faults to produce 

subsidence of the up-dip part of the depositional profile. The hanging wall syncline channels 

of the West Xylokastro RDF appear to demonstrate back-stepping, sand-rich scour-fill 

elements with a greater proportion of conglomeratic fill at the more distal exposures of 

channels than those more proximal. This appears to support back-filling as a result of a 

downslope blockage possibly from gradual deposition at the mouth of channels bringing the 

equilibrium profile to equilibrium (e.g. Pohl et al., 2020, Ferguson et al., 2020; Chapter 6). 

Hanging wall synclines may be particularly prone to quasi-instantaneous blocks from mass-

transport prone fault-scarps or fault propagation folds which may form a common mechanism 

to block and promote back-filling (sensu. Arbués et al., 2007a; Tek et al., 2020). 

Flow pathways in the hanging wall of a minor intra-basinal fault far from the bounding fault 

structure show a considerably different depositional profile evolution (e.g. X - margin distal in 

Figure 7-4b). Initially, they may be beyond the subsidence field of a larger basin- or margin-
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bounding structure meaning they experience comparatively little subsidence early on. As a 

result, they may receive limited sediment input. As both faults grow, the depositional profile to 

the margin distal location becomes stepped or variable producing a disconnected equilibrium 

profile (Figure 7-4b). Given the steeper axial gradients to the margin-proximal (Y) pathway 

earlier within the evolution, sediment supply must be extremely high, or require progradation 

of the system to be within influence of a perturbed subsidence field far from the main fault. A 

similar structural setting is exhibited within the West Xylokastro fault block, where the earliest 

stratigraphy (WX1, WX2) observed within the subsidiary depocenter of ‘Minor Fault 1’ (Chapter 

4 and 6) is largely mud-prone, but intercalated with chaotic mass-transport deposits. This 

would be concomitant with an intra-basinal ramp of an over-steepened margin-distal pathway 

where equilibrium is achieved through minor, localised mass-wasting of the slope rather the 

input of external sediment supply (Prather et al., 2017). During the earliest phase of this fill, 

the material for such MTDs may be sourced fairly locally, reworking distal bottomset material 

from the fault tip, but may connect to direct up-dip sediment supply connections as 

sedimentary systems prograde into the depocenter or with continued structural growth (e.g. 

depositional models presented for conglomeratic sheets in Chapter 4 and 6).  

Minor intra-basinal faults, unlike basin-bounding structures may not have achieved their ‘final’ 

length and may behave as isolated structures during the earliest phase of their syn-

depositional history meaning processes such as fault-tip propagation could promote the up-

dip retreat of the steepening inflection point (Figure 7-4b; Walsh & Watterson, 1998; Cartwright 

et al., 1995; Jackson et al., 2017; Rotevatn et al., 2018). Fault-tip propagation of ~3 - 4 km 

over ~330 kyr have been demonstrated through outcrop studies on wind-gap locations in the 

S. Alkyonides Fault in the Gulf of Alkyonides, even where the broader controlling structure is 

believed to follow a constant-length evolution at depth (Morewood & Roberts, 1999). 

Migrations of this magnitude, could act to broaden the length of the intra-basinal slope quicker 

than fault centre subsidence steepens it, flattening the equilibrium profile (Figure 7-4b). Up-

dip retreat of the point of steepening (or ‘fulcrum’) is likely to have two major implications: i) 

the potential to capture sediment from the principal axial input is increased; and ii) the 

depositional profile becomes less severely out-of-grade. Even for structurally coherent intra-

basinal faults (e.g. linked at depth or experiencing additional far-field subsidence from a larger 

basin-bounding structure; Nøttvedt et al., 2000) an up-dip retreat of the steepening 

depositional profile is likely to occur where additional subsidence contributions from the basin-

bounding fault enhance displacements in departure from typical fault length-displacement 

relationships. However, whether this is counteracted by a similar up-dip retreat in the lower 

slope-break is unclear. In either case, the ramp still provides intra-basinal acceleration to 

gravity currents by promoting accumulative, high-efficiency flows (Chapter 6, Kneller, 1995; 
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Kneller & McCaffrey; 1999). The decreased severity of disequilibrium through broadening of 

this ramp and less severe lateral confinement compared to those of margin-proximal pathways 

means the axial system in the margin-distal pathway will have a weaker tendency to incise the 

slope. Instead simpler bypass or transport and mass-wasting may dominate the intra-basinal 

ramp into the hanging wall depocenter. 
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7.2 Research Question 2: How does climatic and vegetation change influence 

sediment supply from catchments into rift basins?  

7.2.1 Impact of hinterland vegetation and the role of climate on sediment delivery to 

deep-water syn-rift stratigraphy 

Constraining the controls upon sediment supply variability is challenging in many sedimentary 

systems and forms a ‘known-unknown’ in many appraisals of deep-water syn-rift stratigraphy 

(Strachan et al., 2013). The array of catchment parameters that have possible implications for 

sediment supply into a deep-water syn-rift centre are numerous and occur across a range of 

possible timescales (Figure 7-5). The broad timescales of sediment supply impacts and their 

lags, coupled with complex interactions of subsidence, topography and sedimentary 

processes emphasises the need for improved characterisation of the mechanisms through 

which sediment supply can vary.  

 

Figure 7-5 Summary graph of factors influencing sediment supply into rift basins (summarised from Allen & Allen, 
2005; Allen, 2008; McNeil et al., 2005b; Scholz, 2010; Hajek & Straub, 2017; Straub et al., 2020). (Pr – 

Precession, O – Obliquity, E – Eccentricity). 
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In this thesis, attention is paid to sediment supply variability at scales of 104 - 105 yrs, within 

the range of climatic changes produced by changes in the earth’s orbital parameters. Chapter 

4 details the chronostratigraphic constraints ascertained through this study, which form a key 

element of palaeoenvironmental analysis to constrain what level of stratigraphic variability 

over physical distance (depth) is preserved and recorded over geological time. This allows 

palaeoclimatic proxy records (such as micropalaeontology, palynology) to be placed within a 

temporal context and evaluated against existing climatic models. In the West Xylokastro 

example, the chronostratigraphy gives confidence that sediment supply variability, observed 

as changes in lithofacies at the scale of 10s to 100s of metres, operated at 104 – 105 yrs 

timescales.  

Leeder et al. (1998) highlight that vegetation change within catchments likely responds to 

global climatic forcing to drastically alter the capability of a catchment to yield sediment. 

Forest-dominated, “closed” vegetation catchments are proposed to be inhibitors of 

fundamental small-scale geomorphic processes such as rainsplash, creep, and dry ravel to 

the point of trapping and storing substantial quantities of sediment within the catchment (Bosch 

& Hewlett, 1982; Leeder et al., 1998; Istanbulluoglu & Bras, 2005). Contrasting with this, 

“open”, steppe or scrub (sclerophyllous) vegetation does not significantly inhibit sediment 

transport, meaning that previously stored sediment and newly eroded material are ‘flushed’ 

out of the catchment to nearshore/deltaic and deep-water environments. Leeder et al. (1998) 

pose that, for Mediterranean-style climates, forest-dominated intervals are likely to coincide 

with temperate interglacials and that steppe vegetation dominated during cooler interglacials, 

with an altitudinal raising or total absence of forest cover. Long palynological records and 

broader palaeoclimate studies in the Mediterranean and southern Balkans have largely shown 

this model to be appropriate throughout much of the Quaternary (e.g. Tenaghi Philipon, NE 

Greece – Tzedakis et al. 2006; Milner et al., 2013, 2016; Pross et al., 2015; Lake Ohrid, SE 

Albania – Sadori et al., 2016). The vegetational changes seen in Mediterranean and S.Balkan 

lake and peat cores have also been seen in marine cores around the Iberian Peninsula, where 

switches between arboreal and steppe-dominated pollen assemblages have been shown to 

correlate with glacial-interglacial cyclicity via their foraminiferal oxygen isotope records 

(Tzedakis, 2005). The model of Leeder et al. (1998) therefore implies that for Mediterranean 

catchments, interglacial periods should be accommodated by reduced sediment supply, whilst 

the opposite is proposed for glacial periods. In marine rift basins, this effect may be enhanced 

by synchronous changes in eustatic sea level through shelf or shoreface exposure or flooding. 

Lacustrine basins however, typical of the early phases of rifts, may produce lake-level 

variability out-of-phase with global marine changes in Mediterranean lakes (Leeder et al., 

1998). Examination of the lake-level changes in many rift lakes has demonstrated that lake-
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level hydrological budgets are too strongly affected by the local manifestations of global 

climate change to demonstrate such a simple relationship as posed by Leeder et al. (1998). A 

stronger relationship is observed between more humid climates which operate in-phase with 

global variability (e.g. Lakes Tana & Tanganyika, East Africa; Gasse et al., 1989; Marshall et 

al., 2011) and arid climates where lake level operates out of phase (e.g. Eastern 

Mediterranean and Levant Lakes of the Late Pleistocene; Torfstein et al., 2013; Kiro et al., 

2017). However, humidity-driven rules can be modified by other factors such as glaciation-

driven variability in discharge and precipitation (e.g. Lake Baikal, Scholz et al., 1998, 2000; 

Colman, 2003).  

The West Xylokastro RDF demonstrates a largely coherent relationship between the 

expansion and contraction of forest cover within the catchment to sediment delivery to the 

deep-water. However, the link to vegetation variability is not as straightforward or strongly 

coherent with global paleoclimate and changes in relative sea-level as posed by Leeder et al. 

(1998). Collier et al. (2000) already demonstrated that local climatic conditions themselves 

form important controls on sediment delivery from a catchment. Collier et al. (2000) highlight 

the importance of warm and dry interglacials, with cooler but substantially wetter and stormier 

conditions when averaged across the last glacial interval, likely driven by changes in 

atmospheric currents. Watkins et al. (2018) propose that interglacials in the Quaternary may 

show the opposite behaviour, where elevated ocean and atmospheric temperatures during 

interglacials promote substantially stormier conditions on average as well as the ability for 

large winter and summer storms to carry out significant geomorphic work, irrespective of forest 

cover. Glacials, on the other hand, in this model are typically calmer with reduced catchment 

discharge as a result, though the results of this study suggest the removal of vegetation may 

moderate this.  

Chapter 5 highlights that different conditions may prevail in different interglacials and that 

during any one interglacial, palaeoclimate and vegetation may evolve and alter landscape 

evolution, consistent with potential lag effects discussed by Tzedakis (2005). Quaternary 

palaeoclimate records highlight that interglacials/glacials have varying levels of severity and 

that the changes between them are often non-linear (Tzedakis et al., 2006; Milner et al., 2016). 

The MIS25 interglacial, for example, produced one of the largest global marine sea-level rises 

of the Mid-Pleistocene/Calabrian (Tzedakis et al., 2006). In the West Xylokastro RDF, time-

equivalent stratigraphy is demonstrated to show a basin-wide cessation in sediment supply, 

coherent with a large increase in forest cover, that promoted supply-driven retrogradation of 

the Ilias delta and a laterally extensive mudstone unit within the deep-water syn-rift. Typical 

models (e.g. Leeder et al., 1998) for interglacials may predict such conditions would prevail 

throughout the entire interglacial period/global marine highstand. However, the palynological 
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record of the West Xylokastro RDF highlights that in the Olvios river catchment, the MIS25 

interglacial ultimately became hot enough to promote the generation of open, scrub-like 

vegetation in a semi-arid climate. This decrease in forest cover is demonstrated to trigger the 

renewed progradation of the Ilias fan delta and also the subsequent return of coarse-grained 

sediment supply to the deep-water. This is an important departure from a typical interglacial 

model (e.g. Leeder et al., 1998) and also highlights the potential for climatic and vegetation 

change during interglacials to trigger sediment supply. The use of binary Quaternary climatic 

models for sediment supply is therefore likely to be unrepresentative, rather than a suitable 

simplification, of actual changes in sediment flux and there is a need to allow for multiple 

climate-sediment supply scenarios (Chapter 5).  

Nevertheless, the broader pattern of 41 kyr and 100 kyr cyclicity in vegetation imparts the most 

likely mechanism for producing variability in sediment supply to the deep-water, due to the 

large magnitude of these changes. Higher-frequency climatic variables (e.g. precession 

related cyclicity) typically have lower magnitudes of effect on global climate and are similarly 

closer to the time taken for transient landscape responses to climatic change (Figure 7-5). 

Chapters 4 and 5 highlight how it is only the largest magnitude climatic changes that lead to 

widespread shutdowns amongst otherwise maintained high sediment supply. This is probably 

due to the efficiency of short-steep drainages and limited shelf or topset storage capacity. 

Whilst it is very likely that sediment supply varies at higher frequencies to produce more subtle 

variations, disentangling this in the stratigraphic record from flow interaction with topography 

or autogenic behaviour remains complicated and maybe non-resolvable in most datasets (e.g. 

Ferguson et al., 2020, Research Question 3). It is also worth noting that the palaeoclimate 

record within this study is a record of Quaternary palaeoclimate, which is established as 

showing substantial high-magnitude variability in response to orbital parameters. The 

prevalence of climatic variability may be very different during the geological past, in periods 

when climate was more stable on the timescales investigated here. Much of the Phanerozoic 

had more limited climatic variability and may limit the potential for changes in precipitation and 

for feedbacks such as through vegetation variability to impact sediment supply (Frakes et al., 

1992; Collier & Gawthorpe, 1995; Abbink et al., 2001).  

The West Xylokastro RDF provides a rare example of deep-water syn-rift stratigraphy where 

the source-to-sink parameters can be sufficiently reconstructed to provide a confident 

characterisation of sediment supply. Palaeoclimate and vegetation change are confirmed to 

control temporal variability of sediment delivery to the deep-water from river catchments on 

the timescale of 104 - 105 yrs. Sediment supply variability can promote influxes of very coarse-

grained material to the depocentre to produce pulses of conglomerate-rich stratigraphy. 

Alternatively, expansion of forest cover could give rise to basin-wide temporary hiatuses of 
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coarse-grained sediment supply to form laterally extensive mudstone dominated units. 

Sediment supply is only severely inhibited during high magnitude global warming events. More 

subtle signatures of overall sediment calibre or discharge rate are possible with lower 

magnitude events but are challenging or impossible to ascertain without high-resolution 

chronostratigraphy and palaeoenvironmental proxies. This suggests that the sensitivity of the 

deep-water syn-rift is more complex than simple ‘short shelf width’ concepts may predict. The 

typically high sediment-supply of rift margins coupled with short shelf width may well mask 

more subtle decreases in catchment sediment discharge as the source-to-sink configuration 

easily exceeds the threshold to export coarse-clastic sediment to the deep-water (Sømme et 

al., 2019). The limited temporary storage that does exist within the source-to-sink pathway is 

quickly surpassed contrary to systems beyond more expansive shelves which may receive 

coarse-grained sediment as an exception, rather than the norm. In rift settings lower 

magnitude or high-frequency sediment supply variability may, therefore, be represented in 

changes in sedimentation rate which are more difficult to ascertain with low-resolution 

chronostratigraphy, and ultimately have limited impact upon the final preserved stratigraphy 

(Romans et al., 2016; Sømme et al., 2019). 

7.2.2 Improved chronostratigraphy of the Early-Mid Pleistocene (Calabrian) of the 

southern margin of the Gulf of Corinth: Implications for IODP Expedition 381 studies 

and wider use of palynological palaeoclimate proxies within deep-water syn-rift 

stratigraphy. 

Prior to this study, the exposures of the West Xylokastro RDF were constrained only to broad 

age ranges based upon tectonostratigraphic mapping and integration of uplift estimates with 

topset elevations of adjacent deltas; to an age range of ~1.5 – 0.7 Ma (Ford et al., 2008, 2016; 

Nixon et al., 2016; Gawthorpe et al., 2018). Nixon et al. (2016) demonstrated, through 

stratigraphic mapping within marine geophysical data, that the offshore can be split into two 

units; a lower Seismic Unit 1 (SU1) overlain by an upper Seismic Unit 2 (SU2), separated by 

a basin-wide unconformity. SU1 is characterised by low amplitude, noisy and incoherent 

reflections in contrast to SU2, which is characterised by well-developed tabular high-amplitude 

and low-amplitude packages which are interpreted to represent rhythmic alterations between 

lacustrine and marine conditions. Chronostratigraphy based upon glacio-eustatic sea-level 

curves and the known spill-point of the Late Quaternary Gulf of Corinth led to the proposal that 

the unconformity dated to ~620 ka (Nixon et al., 2016). Decompacted sedimentation estimates 

allowed a lower-boundary of ~1.5 – 2 Ma to be established for SU1 and so is proposed to be 

broadly equivalent to the infill of the West Xylokastro RDF and associated Gilbert deltas along 

the southern margin of the rift (Ford et al., 2016; Nixon et al., 2016; Gawthorpe et al., 2018). 

The chronostratigraphy established in Chapter 5 adds higher resolution to this correlation in 
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the magnetozones delineated by the palaeomagnetic analysis. Furthermore, whilst not 

independently verified by discrete chronostratigraphic ties such as tephras, the agreement of 

derived parameters such as sedimentation rates and uplift rates for higher resolution, re-

calibrated stratigraphy presented in Chapter 4 and Chapter 5 provides confidence in the 

broader equivalence of SU1 offshore with the onshore West Xylokastro RDF. 

The drilling of three offshore boreholes within the Gulf of Corinth as part of IODP Expedition 

381 in 2017 (see Chapter 3, Figure 3-7, Figure 5-11), has provided a wealth of data including 

long chronostratigraphic and palaeoclimatic records of rift-basin fill and palaeoenvironmental 

evolution, which can be compared with the results of this study. Whilst the comparisons are 

preliminary in Chapter 5, the starkest difference between the onshore and down-dip offshore 

sites (M0078 and M0079) is the total absence of coarse-grained lithofacies within the offshore 

stratigraphy (McNeill et al., 2019a,b). Both IODP holes M0078 and M0079 within Unit 2 are 

mud-dominated, contrary to the heterolithic and complex stratigraphy of the RDF allowing 

confirmation of the termination of the coarse-grained elements of the West Xylokastro RDF 

between the modern shoreline and the locations of the IODP boreholes, ~10 km down the 

axial gradient of the basin. The conceptual understanding of deep-water syn-rift systems 

gleaned from the data chapters in this thesis highlights that the West Xylokastro RDF axial fan 

was affected by lateral confinement from coeval and preceding transverse apron deposits to 

the south, but also, especially during the later stage of its evolution, by the early growth of the 

Likoporia Fault (Figure 7-6). This lateral confinement may have funnelled an efficient system 

axially eastwards into the hanging wall depocenter of the East Xylokastro fault block (Nixon et 

al., 2016; Gawthorpe et al., 2018; Figure 7-6), or alternatively the axial system may have been 

halted by the influence of transverse fault-scarp apron  or depositional systems (Figure 7-6). 

Offshore data between the West and East Xylokastro Faults is currently limited, so neither 

model can be confirmed. However, given the most distal onshore exposures are largely 

mudstone dominated in the lee-side of the Likoporia Slide, the latter option may be quite likely. 

Despite this, the palaeoclimatic data collected as part of IODP Exp. 381 offers a nearby pollen 

record which can be integrated and further compared with the data within this study to 

investigate the spatial variation in the preservation of climatic signals in margin-distal and 

margin-proximal environments. 
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Figure 7-6 Conceptual revised palaeogeography for the West Xylokastro RDF system on the basis of this study. 

The variability present within the deep-water stratigraphy of the Corinth Rift, and in other 

systems, clearly highlights the need for robust chronostratigraphy to accompany 

understanding of the evolution and correlation of stratigraphy within rift settings. In this 

example, the chronostratigraphic resolution for the West Xylokastro region has been 

substantially improved from previous broader age-ranges to resolve changes occurring over 

104-105 yr timescales. However, this is not without uncertainty. Despite full inspection of the 

cored and exposed stratigraphy no discrete dateable horizon marked by a tephra was 

discovered. In the absence of a discrete age from tephras, the palaeomagnetism-led age 
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model is constrained through integration with the broader stratigraphic ages, rather than 

independently confirmed. The absence of preserved microfauna identified in preliminary 

foraminifera and diatom investigations in the West Xylokastro stratigraphy (Chapter 2) 

dismisses the use of high-resolution biostratigraphy. 

Whilst addressing a similar average age resolution (105 years), compared to other deep-water 

syn-rift systems, the West Xylokastro study has yet to have the complimentary or independent 

age verification of multiple biostratigraphic schemes (e.g. Upper Jurassic South Viking Graben 

ammonite and palynological zones at ~0.1-0.3 Ma resolution – Fraser et al., 2003; N.England 

Carboniferous (Namurian) goniatite biostratigraphy at ~0.05-0.3 Ma resolution – Waters et al., 

2009). Biostratigraphic ages in the Quaternary stratigraphy of the Mediterranean derived from 

terrestrial-plant palynology are prone to very broad age ranges, which would not have 

increased the resolution of the pre-existing age model limited to 106 years timescales (Rohais 

et al., 2007a,b). Similarly, the environmental sensitivities of vegetation to climate make using 

these as isolated biostratigraphic markers problematic without other independent 

confirmation. However, dinoflagellate palynostratigraphy may be sufficient, when integrated 

with the wealth of data from new IODP boreholes where promising integration of 

biostratigraphic, palaeomagnetic and chemostratigraphic techniques have begun to provide 

confident 105 ongoing in research of the IODP boreholes (e.g. McNeil et al., 2019a). The 

matching of chemical signatures of ‘crypto-tephras’ dispersed within the stratigraphy to known 

eruption events may also prove provide uncertainty reduction for the West Xylokastro, and 

broader Corinth Rift age models.  

The palaeoclimatic proxy data analysed within Chapter 5 highlights the potential for deep-

water syn-rift stratigraphy to offer records of palaeoclimatic change. The direct or only weakly 

buffered connection of sediment flux signals to the deep-water realm, on account of short or 

absent shelves, means that sediment supply signals do not suffer such severe shredding and 

buffering as other palaeoclimatic studies of offshore passive margins and has allowed for 

increased understanding of relatively high-resolution changes compared to most geological 

studies (104 - 105 yrs). Unlike passive margin deep-water systems, the relatively close 

distances (<5 – 10 km) to drainage catchments greatly improves the possibility of significant 

representation of palaeoclimate proxies such as airborne pollen, but also the preservation of 

non-pollen palynomorphs and terrestrial debris. However, as highlighted within Chapter 4 and 

Chapter 6, problems arise in deep-water syn-rift stratigraphy through the short scales of 

temporal and spatial variability in stratigraphic architecture, due to varying sedimentary 

process and intra-basinal topography causing potential variations in preservation that are 

difficult to predict. It remains clear that any palaeoclimatic proxy and broader interpretation of 

palaeoenvironment needs to be integrated with robust chronostratigraphy and understanding 
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of tectonostratigraphic and sedimentary evolution of a system, over relatively fine timescales 

(105 yrs) and distances (10s to 100s of metres). 

7.3 Research Question 3 – What are the styles and controls of bed to sub-basin 

scale stratigraphic architecture of deep-water deposits in rift basins? 

7.3.1 The importance of coarse-grained bi-partite, hyperconcentrated and composite 

flows within deep-water syn-rift systems 

The complexity of gravity current processes within the West Xylokastro RDF highlights 

substantial changes in process and deposits over relatively short but variable spatial distances 

(<10s – 100s of metres). Bed-scale complexity is especially prevalent within coarse-grained 

deposits, where it appears that local variations in the interpreted rheology within a given flow 

can vary spatially and temporally. This is emphasised by the gaps in understanding highlighted 

within the literature review at the start of this thesis and confirmed by the outcomes of this 

study (Iverson, 1997, 2003; Sohn et al., 1997, 2002; Sohn, 1997, 200; Iverson & Vallance, 

2001; Harris et al., 2002; Johnson et al., 2012; Peakall et al., 2020). In Chapter 6, the scale of 

this variation is demonstrated and linked to the complex interactions between varying 

sediment concentration or velocity intrinsic to any flow, and variations in seabed morphology 

and substrate (e.g. the development of bar forms following topographic undulations or 

changes of gradient within extensive conglomeratic sheets, or bottomset conglomeratic 

splays). Cronin et al. (2018) highlight in their review of coarse-grained gravity currents that the 

presence of this complexity within coarse-grained depositional systems is under-recognised. 

This section explores some of the variability represented in outcrops of the West Xylokastro 

RDF and how these outcrops inform our understanding of the processes and deposits 

involved. 

The exposures within the West Xylokastro RDF highlight bi-partite gravity currents and 

hyperconcentrated flows as being prevalent within this syn-rift deep-water system. Such bi-

partite flows may arise from grain-size and concentration stratification and segregation within 

very coarse-grained, highly polydisperse flows which produce two (or in some cases more) 

strongly dissociated portions of contrasting rheologies during transport and deposition 

(Walker, 1975; Postma & Roep, 1985; Postma et al., 1988; Harris et al., 2002; Sohn et al., 

2002; Johnson et al., 2012; Bozetti et al., 2018). This tendency for flow stratification is 

interpreted to result from sediment mixtures entering deep-water syn-rift basins with initially 

broad or ‘polydisperse’ grain-size ranges (Cartigny et al., 2013; Figure 7-7a). Whilst most non-

composite gravity currents undergo some degree of grain-size and concentration stratification 

(e.g. Lowe, 1982), this is often gradual and is largely only emphasised during the waning 
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depositional phase of a flow (Kneller & McCaffrey, 1999). The strong dissociation of the lower 

and upper part of a bi-partite/composite gravity current during transport increases the potential 

for a) topography-induced lofting of fines (Stevenson & Peakall, 2010) or b) more dilute 

downslope dispersion due to the dampening of turbulence of the upper part of the flow 

independent of the acceleration of the basal part of the flows as proposed in Chapter 6 (Figure 

7-7a). This dissociation may form a vital mechanism for the generation of ponded 

accumulations of conglomeratic lithofacies within subsidiary depocentres, rather than their 

restriction only to the base of Gilbert delta slopes, as predicted in many fan-apron models (e.g. 

Postma et al., 1988; Reading & Richards, 1994). Slopes into subsidiary depocentres are 

interpreted to present settings where the efficiency of the lower dense basal part of the flow 

can be substantially greater than that of the upper, more dilute part. As a result, the downslope 

movement of the upper part of the flow is severely inhibited through rapid entrainment of 

ambient fluid to decrease its sediment concentration and downslope acceleration as it 

disperses in a depletive flow (Kneller, 1995; Kneller & McCaffrey, 1999). The basal part of the 

flow behaves accumulatively due the axial gradient driving acceleration that is aided by the 

high concentration of that part of the flow. The balance of local/down-dip bypass and local/up-

dip deposition relative to a given point of observation becomes complex within bi-partite flows 

as a result, given the potential for depositing conglomeratic lithofacies beyond the deposits of 

co-genetic, sandier parts of the flow within a trailing wake in some instances (sensu. Hampton, 

1972). This forms a departure from typical basinward fining or bypass models (e.g. Stevenson 

et al., 2015) which are observed to operate in more ‘typical’ sand-rich flows within the RDF. 

This is complicated further as it is often impossible to determine at outcrop whether the upper 

and lower products of coarse-grained bi-partite or composite gravity currents were temporally 

separated or whether one part was indeed absent (Cronin et al., 2018). 



2020 Chapter Seven –Discussion 262 

 

Figure 7-7 Depositional process model for subaqueous coarse-grained composite gravity currents through a) 
flow transformation from friction-dominated debris flows and b) pre-deteremined segregation. C) Deposits of 

composite gravity currents exist as a continuum between cohesive debris flows and hybrid flows to high-density 
turbidity currents. 
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There are considerable parallels between coarse-grained bi-partite/composite flows and finer-

grained, bi-partite ‘hybrid’ flows (Haughton et al., 2009; Fonnesu et al., 2015; Southern et al., 

2015; Muller et al., 2017; Kane et al., 2017). FA2c within Chapter 6 is particularly analogous, 

where a graduation from gravel-rich or clast-supported conglomerates in basal portions to 

more matrix-supported, finer-grained and often contorted character is demonstrated, similar 

to ‘megabeds’ described in other coarse-grained systems (Hodgson & Haughton, 2000; 

Bozetti et al., 2018). It should be noted that these are different to the Haughton et al. (2009) 

classification of ‘megabeds’ ascribed to a matrix-supported, mud-rich cohesive basal deposit 

overlain by a cleaner sand-rich portion. ‘Megabeds’ (sensu. Bozetti et al., 2018) or FA2c within 

this study clearly display the mixed and variable rheology typical of hybrid flows (Haughton et 

al., 2009), but with a basal portion akin to highly concentrated, low-cohesion debris flow or 

granular processes as opposed to high-density, dampened-turbulent processes described in 

hybrid-bed models (Haughton et al., 2009). As with any sedimentary sequence, this is likely 

to change spatially according to longitudinal or streamwise changes within the flow (Haughton 

et al., 2009; Kane et al., 2009; Southern et al., 2015). However, coarse-grained composite 

gravity currents likely exist as a continuum between cohesive debris flows or mud-rich hybrid 

beds, and high-density turbidity currents (Figure 7-7c). Most studies of composite flows focus 

on the entrainment or originally high concentrations of cohesive mud within a system 

(Haughton et al., 2009;; Southern et al., 2015; Fonnesu et al., 2016; Kane et al., 2017). 

Composite flows in coarse-grained systems are proposed here to form as a result of 

longitudinal and vertical grain-size segregation by kinetic sieving and dispersive pressure 

amongst their broad range of grain-sizes. It is seen that mud-entrainment still operates and 

can lead to a transition into more typically cohesive hybrid event beds and debris flows (e.g. 

FA2c composite flows or FD3 intra-clast rich debrites in Chapter 6). Composite flow deposits 

may thus demonstrate lateral and vertical transitions into more heterolithic but sand-rich 

stratigraphy of ‘classical’ hybrid beds, and high-density turbidites reflecting the continuum that 

exists between them (e.g. Haughton et al., 2009; Figure 7-7c). 

Whilst substantial grain-size, concentration and velocity segregation is proposed, the exact 

processes by which a composite/bi- or tri-partite structure evolves is still unclear (Sohn, 1999; 

Kane et al., 2009; Bozetti et al., 2018).  Whether they form as an evolution from more coherent 

or homogenised sediment mixtures or are composite immediately after triggering cannot be 

simply interpreted from individual deposits. Nemec (1990) highlighted the potential for ‘debris 

falls’ to evolve to debris flows with ‘bouldery fronts’ where high concentrations of large clasts 

are concentrated at the front of flows either through strong particle dispersion during 

acceleration or from ‘conveyor-belt mechanisms’ whereby stratification and variability of the 

flow allows debris to shear past finer-grained particles. Both of these mechanisms rely on high 
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sediment concentrations, and in many senses may be similar to the formative mechanisms of 

terrestrial composite flows (often termed simply ‘debris flows’) in steep, flashy catchments 

during floods (Cas & Landis, 1987; Iverson, 1997, Sohn et al., 2002, Kane et al., 2009, Figure 

7-7). In proximal, delta-fed deep-water syn-rift environments, composite flows may already be 

longitudinally separated in this sense upon entry to the basin (Figure 7-7b), where sediment 

input during onshore flood events is likely (discussed in Chapter 5 and Research Question 2). 

Whilst observed throughout the West Xylokastro RDF, the deposits of composite flows are 

also extensive within the bottomset of the Ilias delta in units demonstrated to be related to a 

change to wetter conditions such as those which fill the scour-fills and foreset-bottomset chute-

lobe systems.  

The preservation of these composite flows at the base of the Ilias foreset leads to a model 

where the clast-rich ‘head’ of a flow, accelerated by its high clast concentration but with limited 

potential for dispersal through ambient water entrainment, erodes at the base of slope and 

chaotically deposits at, or not far from, the break of slope as a coarse-grained lens, likely 

having experienced a severe hydraulic jump (Henstra et al., 2016a; Pohl et al., 2020). The 

transition from the clast-rich head of a flow, to the hyperconcentrated more fluidal portion is 

difficult to detect in deposits (Sohn et al., 1999; Sohn, 2000; Kane et al., 2009; Cronin et al., 

2018). The prevalence of these deposits at slope breaks (e.g. foreset-bottomset transition, the 

base of intra-basinal slopes, channel-lobe transition zones of channels) suggests that the 

transport of the coarsest, hyperconcentrated portions of the flows (and the genesis or 

maintenance of composite flows) requires steep axial gradients and/or significant lateral 

confinement to provide the efficiency necessary for their transport (Kneller, 1995; Kneller & 

McCaffrey, 1999; Al Ja’Aidi, 2000; Kane et al., 2009). It is likely that through the depositional 

process at the base of slope, such flows undergo transformations that may be dependent upon 

the degree of longitudinal and vertical stratification achieved upslope, and form a broad 

spectrum of potential depositional processes as a result (Figure 7-7). 

7.3.2 Mesoscale and basin-scale stratigraphic architecture – characterising variability 

in deep-water depositional systems 

 ‘Fan-apron’ models have long been a popular conceptual architectural model for deep-water 

syn-rift stratigraphy, both within the proximal and distal realm (Stow et al., 1982; Ferentinos et 

al., 1988; Ross, 1994; Reading & Richards, 1994; Ravnås & Steel, 1997; Henstra et al., 

2016a). These models emphasize the ubiquity of multiple interacting flows within syn-rift 

depositional environments. The move more recently towards modelling discretely identifiable 

and predictable depositional elements has necessitated a reappraisal of the fan-apron model 

and whether depositional elements established within other deep-water settings can be simply 

translated into active rifts. Chapter 4 highlights that within relatively small volumes of 
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stratigraphy (~500 m x 500 m x 500 m) there is considerable variation in the types of 

depositional elements presented. Whilst some of these are relatively simple and easily 

identifiable at outcrop at certain scales (e.g. base of slope chutes and channels), their 

transition into surrounding stratigraphy is often highly transitional and amalgamated. This, in 

part, is a result of the spatially variable but high aggradation rates around the delta foreset and 

delta bottomset due to the wide-ranging variety of sedimentary processes (Prior & Bornhold, 

1988; Nemec, 1990; Gales et al., 2018). The short temporal and spatial scales (<104 yrs and 

10s to 100s of metres) of variability and complexity lead to the proposal of the depositional 

‘elements’ of ‘tabular’ and ‘lenticular’ heterolithics within the West Xylokastro RDF. These 

comprise variably coalesced, conglomeratic debrites and sand-rich turbidites amongst finer-

grained intervening deposits, with varying degrees of tabularity. Tabular and lenticular 

heterolithics, which comprise of mostly interbedded high-density and low-density turbidite 

deposits, make up a substantial portion of the stratigraphy within the West Xylokastro RDF 

and are largely consistent with a fan-apron model, especially within the Gilbert delta 

bottomsets. The distinction of tabular and lenticular heterolithics (Chapter 4) allows the 

scheme to distinguish different levels of stratigraphic connectivity over relatively short 

distances (~10s – 100s of metres).  

Whilst the apron in Gilbert delta bottomsets has been demonstrated to be highly complex, 

comparison of the West Xylokastro study with other similar systems highlights that sediment 

supply and topography play a role in determining the character of stratigraphic architecture 

within a fan apron. High-resolution bathymetric datasets from fjord deltas of the Bute Inlet 

(Prior & Bornhold, 1988; Vendetuolli et al., 2019; Gales et al., 2019; Hage et al., 2019) show 

similar base-of-slope chutes, and conglomeratic or gravel splays in the bottomset to those 

observed in Chapter 4 and 6. The distribution of more sustained and long-run out channels 

also appear to occur where lateral confinement is likely to be greater (e.g. where deltas abut 

against fjord slopes or previous depositional topography) or where they are connected to 

larger, high supply catchments (Gales et al., 2019; Vendetuolli et al., 2019). This may suggest 

the influence of subsidence and topography alters axial and lateral gradients around the radial 

bottomset of a Gilbert delta and ultimately influences the location of channel-prone 

stratigraphy. Similar variability in the bathymetric expression of Gilbert delta bottomsets can 

be demonstrated between different fans in the bathymetry of the modern Gulf of Corinth, albeit 

at larger scales where the bottomsets of very large Gilbert deltas fed by high supply 

catchments develop large channelised bottomsets (McNeil  et al., 2005a,b; Beckers et al., 

2018; Gawthorpe et al., 2018; Watkins et al., 2020). Alternatively, the lower supply catchments 

in the central and eastern part of the rift show more minor base of slope fan-aprons. Including 

bottomset process, geomorphic variability and the relationship to the potential for bypass in 
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channel-prone aprons within conceptual models for broader deep-water syn-rift systems is 

essential to appropriately represent source to sink relationships (Chapters 4 and 6).  

The accumulation of bed-scale interactions with lateral confinement also influences the 

ultimate nature of the stratigraphic architecture preserved. In the transition towards the main 

West Xylokastro depocenter, fan-apron models struggle to characterise the influence of intra-

basinal structures on stratigraphic architecture, especially those at the base of slope. In the 

central part of the West Xylokastro depocentre, variable, laterally confined fans, comprising a 

mixture of lobate and distributary or braided weakly channelised fans, become more 

representative of the stratigraphic architecture of coarse-grained units similar to other confined 

deep-water settings (Southern et al., 2015; 2017; Henstra et al., 2016a; Pemberton et al., 

2016; Bell et al., 2018; Dodd et al., 2019; Muravchik et al., 2019; Casciano et al., 2019). 

Including this variability within static depositional models of the subsurface is challenging as 

the West Xylokastro exposures demonstrate the difficulty of extrapolating from 1D core 

observations even over short distances. However, robust integration with structural mapping 

may be able to indicate areas more prone to lateral confinement and guide the interpretation 

of fluid-flow characteristics in subsurface hydrocarbon reservoirs or CO2 sequestration 

projects. 

Chapter 4 highlights that at the basin or depocenter scale (kilometres of lateral distance and 

10s to 100s of metres of vertical thickness) discrete coarse-grained packages are punctuated 

by intervals of mudstones triggered by basin-wide cessations in sediment supply. However, 

more restricted mudstone intervals also occur, due to topographic and sediment dispersal 

effects, which do not correlate to basin-wide supply hiatuses. Both basin-wide and local 

mudstone intervals have largely similar lithofacies with similar ichnological and macrofauna 

characteristics in the West Xylokastro RDF (Chapter 6). However, these may be, in some 

cases, distinguished on their palaeoenvironmental signature through palynology or 

micropalaeontology to link them to broader decreases in supply and inform the regionality of 

mud-prone intervals.  

The perturbation of flows by topography at a range of temporal and spatial scales in active 

basins makes the application of hierarchical schemes for stratigraphic architecture and 

correlation developed in quiescent or different tectonic settings difficult. Characterising 

hierarchy within active basins is especially problematic where there is considerable overlap in 

the temporal evolution of different topographic and sediment flux parameters operating across 

103 – 106 yr timescales. This is exemplified in the missing temporal link between 4rd and 5th 

order depositional elements in outcrop-based hierarchical schemes in fan-like coarse-grained 

systems such as the Cretaceous Vernado Sandstone Member in California (Ghosh & Lowe, 



2020 Chapter Seven –Discussion 267 

1993). In more continuous hierarchical schemes, often in unconfined settings, the point at 

which autogenic variability translates to allogenic variability can be ascertained (e.g. Prélat et 

al., 2009). However, given the allogenic influences recognised at bed and bed-set scales 

within the deep-water stratigraphy in the West Xylokastro RDF, and the complex interactions 

with high-resolution allogenic forcing mechanisms delineating different hierarchical levels, this 

cannot be readily achieved in this setting. Detailed bounding surface approaches to correlation 

(sensu Allen, 1983; Postma et al., 2020) are difficult to apply in deep-water syn-rift settings 

where amalgamation and high rates of off-axis sedimentation are commonplace. Even where 

bounding surfaces/intervals are applicable in cross-section, their 3D expansion over short 

distances becomes highly interpretive rather than descriptive (e.g. scour-fill bounding surfaces 

within the Xelidori Chute in Chapter 6). Greater confidence may be placed on bounding 

surfaces of lower-order but higher magnitude variability between discrete coarse-grained 

packages, which through the chronostratigraphy of this study are demonstrated to represent 

allogenic variability controlled by sediment supply fluctuations at 104-105 yrs timescales.  

The exposures in this study provide examples of the scales of stratigraphic heterogeneity that 

may be present within deep-water syn-rift stratigraphy, which has until now only received 

limited attention (cf. Leppard & Gawthorpe, 2006; Henstra et al., 2016a; Rubi et al., 2018; 

Muravchik et al., 2019). Chapters 4 and 6 highlight the scales of depositional elements, which 

can be identified at the mesoscale, and their internal character. While some depositional 

elements demonstrate internal organisation which can be delineated by internal bounding 

surfaces (e.g. composite sandstone sheets, or scour/chute-fills), the transitions of these into 

other depositional elements can be diffuse, highly complex and cross apparent hierarchical 

orders. In this sense, non-hierarchical, classical fan-apron models (e.g. Walker, 1978; Postma 

et al., 1988; Reading & Richards, 1994; Garland et al., 1999) remain useful in highlighting the 

spatial variability and short length scales of change within syn-rift depositional systems but do 

not encompass the translation of this into the stratigraphic record. This thesis presents models 

for the stratigraphic architectures of such systems and highlights the potential for deep-water 

systems to transition spatially between fan-apron style systems and confined channel and 

lobe systems. Considerable further quantification and characterisation are required within 

deep-water syn-rift systems, for which this study can provide useful comparisons and 

understanding of the controls upon stratigraphic architectures. The West Xylokastro RDF 

forms one particular style of a variety of deep-water syn-rift stratigraphic architectures which 

are ultimately determined by the two overarching controls of structural setting and sediment 

supply, summarised within Figure 7-8.
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Figure 7-8 Summary 3D model for deep-water syn-rift environments and analogues.
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7.3.3 Competing allogenic controls on deep-water syn-rift stratigraphy and the 

importance of integrated analysis 

The chronostratigraphy of the West Xylokastro RDF allows for the temporal context of the 

vertical and lateral stratigraphic heterogeneities to be characterised. Much of the variability 

occurs over timescales <105 yrs, as a result of various allogenic forcing mechanisms. Deep-

water and deltaic syn-rift stratigraphic models have often favoured pulses or episodes of 

heightened subsidence as a controlling factor in producing temporary sediment starvation of 

syn-rift depocentres (Colella, 1987; Ravnås & Steel, 1998; Dorsey et al., 1997; Dorsey & 

Umhoefer, 2000; Mortimer et al., 2005). The chronostratigraphy proposed in Chapter 5 

suggets that basin-wide mudstone intervals within the West Xylokastro RDF coincide with 

sediment supply reductions linked to large climatic changes at orbital frequencies of 41 – 100 

kyrs. A pulsed subsidence control is dismissed as controlling basin-wide hiatuses as 

subsidence at this temporal order (~41 - 100 kyr) is typically a steady-state product of the 

viscous response of the lower crust, operating over greater periods (106 years and greater, 

Scholz, 2010). Subsidence at timescales of 105 yrs can, therefore, be reasonably treated as 

the culmination of higher-order pulses of activity (Gawthorpe et al., 1994; Scholz, 2010). 

Earthquake clusters and subsidence pulses are documented on faults worldwide but typically 

operate at higher-order timescales, although they do have broad ranges (102 yrs – Wasatch 

fault; Machette et al., 1992; Skinos Fault, Collier et al., 1998; 103 yrs – Raggedy Ridge Fault, 

NZ Jackson et al., 1996). Documented faults with subsidence pulses at lower temporal orders 

(>104 yrs) are rare, with the Dead Sea Graben (Marco et al., 1996) being an exception with 

~10 000 yr long episodes of activity separated by similar periods of quiescence. This scarcity 

of documented subsidence pulses at this timescale may result from a difficulty of confident 

palaeoseismological observation at these timescales and does remain a key uncertainty in 

tectonostratigraphy. In the case of the West Xylokastro RDF, its deposition during the Early – 

Mid Pleistocene, where global climate changes were of substantial magnitude prompting 

global sea-level changes of +/- 50 – 100 m, also make climatic controls a more likely option 

for triggering sediment supply variability. Nevertheless, subsidence may still form an important 

aspect of local accommodation variability within rift depocentres, related to the initiation, active 

phase and termination of intra-basinal faults on 105 year timescales (Nixon et al., 2016). 

The Ilias delta input point being located at the fault tip, sediment supply to the axial system is 

likely to be more sensitive from eustatic rather than subsidence generated accommodation 

(Gawthorpe et al., 1994; Collier & Gawthorpe, 1995; Barrett et al., 2018). Whilst eustatic 

variability may not affect deep-water systems directly when occurring at depths substantially 

greater than any eustatic or lake-level variability, it remains important to characterise up-dip 



2020 Chapter Seven - Discussion 270 

sediment input points as part of deep-water syn-rift stratigraphic analysis, and the potential for 

supply modification as a result of interactions of subsidence and eustasy locally. 

Structurally generated topographical complexity of flow pathways means that autogenic 

variability operating up-dip (e.g. autocyclic river avulsions) become complex, high-frequency 

allogenic changes down-dip. Changes in routing and dispersal caused by structural 

topography summarised earlier in this chapter may enhance the deep-water effect of deltaic 

minor, high-frequency autocyclic changes. For example, changes in the location of the 

Kerinitis river between AD 440 – 1640 show a migration of ~3 km with an angular difference 

of ~45 degrees in the river direction (McNeil et al., 2005b). For river-derived gravity currents 

(and regions of collapse prone to over-steepening of the delta foreset) the impact of this 

difference is equivalent to a ~2 km distance between two arbitrary points 3 kms into a deep-

water basin. Flow pathways from different river locations may be routed differently by an intra-

basinal structure to deposit in different regions of the basin (Figure 7-9). Without robust 

chronostratigraphy or a well-constrained lithological or biostratigraphic indicator, this has the 

potential to be misinterpreted as 1) broader, permanent subsidence-driven changes in river 

location 2) shorter-lived palaeoclimatic or sediment supply changes or 3) autogenic variability 

of deep-water deposits. This form of mixed allogenic and autogenic behaviour leads to the 

lack of well-ordered stratigraphic patterns and substantial variability within deep-water syn-rift 

systems. Resolving this level of variability will remain challenging, even with robust high-

resolution chronostratigraphy and observations either side of a structure. However, mapping 

and understanding the evolution of intra-basinal structures can inform our understanding of 

which areas of a depocenter may be more susceptible to this effect. 
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Figure 7-9 Conceptual cartoon highlighting the potential enhancement of up-dip autogenic variability through 
topographic interference downdip, which may be especially prevalent within deep-water syn-rift systems and 

which can explain the lack of well developed ‘genuine’ autocyclic behavior observed in the deep-water 
stratigraphy. 

7.4 Industrial applications and further work 

7.4.1 Industrial applications  

The research questions addressed above have transferable applications for reducing risk and 

uncertainty and improving subsurface characterisation of deep-water syn-rift hydrocarbon 

exploration and production, carbon sequestration and geothermal opportunities. These key 

learnings can be framed in the applicability of the research questions: 

Research Question 1: 

1) The coeval existence of transverse and axial systems can shift cleaner sand-rich 

fairways away from locations of greatest subsidence in the immediate hanging wall of 

border faults. Instead, fault-proximal regions present complex, spatially restricted fault-

scarp apron or mass transport deposits with poorer primary reservoir quality. 

2) Intra-basinal topography adds complexity such as ponding of depositional systems and 

may form localised ‘pods’ of higher-quality reservoir. 
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3) Simple fining-up models are probably not representative of the considerable variability 

within syn-rift depocenters at the scales of 10s to 100s of metres of section, and instead 

reflect much broader rift evolution. 

4) Intra-formational, laterally extensive mudstone intervals are rare amongst complex 

coarse-grained and heterolithic stratigraphy, but where present can be tied to up-dip 

retrogradations of input Gilbert deltas. Whilst these have the potential to form 

substantial vertical communication barriers downdip, their up-dip expression within 

delta foresets is conglomeratic and sand-rich and so up-dip seal integrity may be 

limited. They may form barriers between discrete deeper reservoir levels. 

5) Robust structural and stratigraphic mapping needs to be integrated to identify intra-

basinal bypass zones, commonly found on intra-basinal ramps, to aid with the prediction 

of sediment routing systems, well placement and the prediction of up-dip stratigraphic 

trap integrity.  

Research Question 2 

1) Deep-water syn-rift settings are sensitive to changes in catchment discharge which 

vary due to palaeoclimate. 

2) Retrogradation of deltas to produce laterally extensive mudstone units are triggered 

by large warming episodes and may be predictable where palaeoclimatic proxies can 

indicate significant warming episodes which produce forest expansion in the 

catchment. 

3) Semi-arid climates can promote sand-rich sediment delivery during particularly severe 

warming episodes if precipitation is sufficient to erode material from the hinterland and 

promote sand-rich stratigraphy.  

4) Climatic regime may be equally as important as structural setting in determing 

sediment calibre and stratigraphic architecture. Models generated within the West 

Xylokastro RDF show a response to large magnitude, relatively high frequency 

changes typical of ‘ice-house’ conditions. The translation of this to Mesozoic climates 

such as in the Late Jurassic may not be straightforward, although transitions between 

humid and semi-arid episodes are documented within palaeoclimate studies of the 

Late Jurassic North Sea (Abbink et al., 2001; Selwood & Valdes, 2008). 

Research Question 3 

1) Substantial variability in stratigraphic architecture from the bed-scale to meso-scale 

exists within deep-water syn-rift settings, variability that does not fit within recent 

detailed hierarchical depositional element schemes. 
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2) Despite the above, within individual coarse-grained packages lateral and vertical 

connectivity of coarse-grained lithofacies is typically very high due to substantial 

amalgamation and lateral and vertical stacking of coarse-grained deposits. The 

character of this connectivity can be variable, with much of the stratigraphy being 

heterolithic at bed-set scales. The exception to this is the occurrence of laterally 

extensive conglomerates within intra-basinal lows, and dip-section continuous 

conglomerates within hanging wall syncline channel systems. These may produce 

high permeability ‘streaks’ (or intraformational baffles in cementation-prone 

reservoirs) within otherwise heterolithic and complex stratigraphy. Conglomeratic and 

sand-rich channel fills appear to be connected up-dip and introduce substantial risk 

for up-dip leakage or substantial reduction of risk if up-dip charge is the issue.  

3) 1D cored sections will require interpretation that includes significant integration with 

outcrop studies, seismic geomorphology, chronostratigraphy and structural mapping 

to inform static depositional models, as lithofacies and facies associations are non-

unique to depositional elements.  

4) Intra-basinal bypass zones on structural ramps into subsidiary depocentres within 

proximal very-coarse grained systems can be relatively sandstone-rich. Whilst 

localised topographic lows form isolated and detached coarse-grained deposits, these 

may link up-dip through thin, coarse-grained stringers, via a heterolithic but 

sandstone-prone apron.  

7.4.2 Further work 

The results of this thesis highlight several potential avenues for further research within rift 

evolution. Many of these may be achievable through expanding the understanding of the 

evolution of the Corinth Rift as a whole, but also crucially need expansion and comparison 

with other rift settings to ascertain a broader spectrum of rift evolution. 

1. Transient landscape and seascape responses and the transmission of sediment 

supply signals – Currently a large uncertainty in models for palaeoclimatic controls on 

sediment supply evolution is the time taken for the landscape to respond to changes in climate 

and how quickly this is exported as changes in sediment flux received within the deep-water 

realm. Integration of numerical models with further palaeoclimatic proxies from field and 

borehole studies at higher resolution along the transport path of a given system, could begin 

to address this. Continued work linking the erosion, transport and deposition of sediment within 

the Corinth Rift with new data from the IODP Expedition 381 is promising in this regard. Further 

high-resolution dating of onshore stratigraphy to provide better onshore – offshore correlation 

is recommended. 
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2. Coarse-grained gravity current processes and seafloor processes – Whilst this thesis 

addresses some aspects of coarse-grained gravity current processes and the possible 

distribution of their products, understanding of the transport and depositional processes of 

coarse-grained gravity currents remains largely untested by monitoring, or physical and 

numerical modelling, and processes are generally interpreted from deposits. This is likely to 

be challenging given the destructive power of many of these flows, but recent developments 

in monitoring equipment such as ‘smart boulders’ may be able to begin to address the 

enigmatic processes of very coarse-grained flows in the deep-water realm. This may require 

a significant reappraisal of gravity-driven sediment transport processes and will require 

integration of outcrop, physical and numerical modelling and higher resolution 

bathymetric/subsurface studies in such systems.   

3. Climatic control of sediment supply in different basins – The Corinth Rift is a superb 

natural laboratory for understanding the complex interactions between tectonics and 

palaeoenvironmental changes of eustasy and climate and how these impact upon the 

tectonostratigraphic evolution of rift basins. However, much of its deep-water stratigraphy was 

deposited under lacustrine conditions and so differences with marine deep-water syn-rift 

successions remain unexplored. Likewise, the Corinth rift stratigraphy has been deposited 

under ice-house conditions of large magnitude, high frequency Quaternary climate change. It 

is unclear whether there is a weaker palaeoenvironmental control on rift stratigraphy under 

greenhouse conditions, and how this manifests itself in stratigraphic architectures. Testing of 

this within different basins would provide opportunities to test the validity of models across 

such settings. Such studies could also be used to improve workflows for the use of 

palynological (and other palaeoclimate proxies) within deep-water stratigraphy. 

4. Thresholds of influence and interactions of structural forcing mechanisms – A key 

theme of this thesis is the multi-faceted interaction of various forcing mechanisms on 

producing the complexity observed in stratigraphic architecture. Structures present a 

challenging allogenic forcing mechanism as the nature of their influence changes with 

temporal and spatial scales. Greater understanding of sedimentary processes and their 

topographic interaction is needed to demonstrate how different topographical gradients, 

incidence angles, flow types and concentrations can influence how flows are affected by 

structural topography. It is unclear whether flows within very coarse-grained, high supply 

systems can be considered as having ‘thresholds’ for influence from structures, and if these 

can be inverted to ascertain how sediment has been routed through deep-water, 

topographically complex basins.  
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5. Quantification and testing of stratigraphic patterns – This thesis presents results from 

a rare example of exposures from bed to mesoscale within deep-water stratigraphy. Whilst 

the thesis provides conceptual, qualitative models and an array of quantitative and semi-

quantitative data and scales of architectural variability, the need for fundamental descriptive 

work meant detailed quantitative analysis was beyond the scope of this thesis. Such statistical 

work would be necessary to address the uncertainties around stratigraphic hierarchy in deep-

water syn-rift sections and to test what is often dismissed as ‘random’ or complex variability. 

Such work may elucidate the need to form novel methods for describing complex and highly 

variable stratigraphy more quantitatively. The 3D models and exposures in this study form 

promising testing datasets for such investigations, and similar exposures within other deep-

water systems within the Corinth Rift are similarly promising for this. Comparison with 

subsurface datasets should inform how quantitative characterisation work can aid with 

subsurface characterisation of deep-water syn-rift systems. 

6. Comparison with carbonate and mixed deep-water syn-rift systems – This thesis 

focusses on a clastic depositional system within the Gulf of Corinth in order to address the 

gap in outcrop scale description of deep-water syn-rift clastic systems. A similar gap in 

description of mixed and carbonate deep-water syn-rift systems exists, and it remains unclear 

whether such systems would show similar depositional styles and constraints from tectonics 

and climate as exhibited here. Greater sensitivities to in-situ climate and/or 

palaeooceongraphic conditions typical of carbonate systems may alter the nature of climatic 

signals in stratigraphy the extent to which this is resolvable remains unclear. Similarly, 

understanding of the climatic control on sediment flux from this study, may be used to 

understand how carbonate systems may “switch” on or off in response to variability in clastic 

input in mixed systems. Comparisons with emerging datasets from the Nam Con Son Basin 

(Vietnam) and Brazilian and West African Sub-Salt, Neuquén Basin and Central Azerbaijan 

are promising candidates for comparison in this regard.
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This chapter revisits the research questions laid out in the introduction to this thesis and 

highlights the key advances in understanding from this study. Crucially, the thesis provides a 

rare, exhumed example of a deep-water syn-rift system that is characterised from source to 

sink. The work highlights that deep-water syn-rift systems are inherently complex and that no-

two rift depocentres will be alike, however understanding and characterising the controls upon 

sediment supply, and the nature of structural evolution can dramatically improve the 

understanding of deep-water syn-rift systems, and offers an exciting potential for continued 

research amongst the discipline of basin analysis.    

Cover Photo: The theatre at Ancient Aigeria, built in the 3rd Century BC, sits in the bottomsets of the Evrostini 
Delta and overlooks the Ilias delta and West Xylokastro RDF fan, built between 1.2 – 0.7 Ma.  
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Chapter 8 - Conclusions 

8.1 Research Question 1: How do structural evolution and rift physiography 

influence sediment dispersal patterns in deep water syn-rift systems 

The study in the West Xylokastro RDF, and comparison with examples from the subsurface 

and outcrop, have highlighted that structurally induced topography influences sediment 

dispersal at a variety of scales. In the broadest sense, the generation of depositional lows 

through the evolution of normal faults acts to ‘capture’ sediment supplied from onshore 

drainages in the subaqueous realm. Intra-basinal structures lead to the development of 

stepped depositional profiles and complicated sediment dispersal patterns and source-to-sink 

relationships. Tectonic structures, such as hanging wall synclines, act to promote longer 

distance sediment transport through the development of efficient, laterally confined conduits 

that evolve into margin-proximal channelised systems. Further from the margin, shallower 

axial gradients and broader lateral confinement allow the development of more expansive 

basin floor accumulations. Basin-floor stratigraphic successions are complicated through the 

interaction of multiple sedimentary inputs within and between multiple depositional systems, 

and flow-stripping and ponding effects produced by intra-basinal topography. Competing 

depositional systems can act to substantially alter sediment dispersal patterns of sedimentary 

systems. This is exemplified by the emplacement of mass-transport dominated, footwall crest-

derived aprons that force axial depositional systems up the hanging wall dip slope far from the 

centre of greatest subsidence at the fault centre. Large scale collapse of the apron can extend 

up to 3 – 4 km into the depocenter promoting prolonged perturbation of axial systems, while 

smaller scale transverse input events can interdigitate with axial stratigraphy. This range of 

scales may produce a complicated onlap relationship between the two systems. The examples 

from this study demonstrate the need to incorporate multiple coeval sedimentary inputs and 

their responses to intra-basinal topography into conceptual models of deep-water syn-rift 

evolution to improve the characterisation of deep-water syn-rift systems. 

8.2 Research Question 2: How does climatic and vegetation change influence 

sediment supply from catchments into rift basins? 

The combination of field based tectono-stratigraphy and a palaeoenvironmental record from 

an onshore borehole provide an integrated example of the interaction between sediment 

supply and accommodation generated within syn-rift depocentres. Sediment supply is a first-

order control upon deep-water syn-rift depositional systems. However, its variability is often 

not considered in deep-water syn-rift models due to the difficulty in constraining sediment 
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supply. This thesis demonstrates that vegetation change as a result of global climatic 

variability may dictate the rate, calibre, and timing of sediment supply variability to syn-rift 

depocentres. The West Xylokastro palynological record established in this thesis 

demonstrates that vegetation within the catchment switches between forest- and steppe-

dominated vegetation between warm interglacials and colder glacials respectively. Warm, 

forest-dominated warming episodes are seen to strongly inhibit sediment supply, leading to 

the storage of sediment supply in the catchment. This is then released during changes to more 

open vegetation which does not inhibit sediment transport. This may occur during cooling due 

to an interglacial to glacial transition as postulated in previous climatic models; or, as 

demonstrated in the West Xylokastro fault block, during particularly severe interglacials, where 

climates are able to become hot and semi-arid promoting the development of flashy sediment 

flux to the deep-water. Sediment supply in the West Xylokastro fault block is determined to be 

the principal determining factor for the deposition of basin-wide mudstones rather than 

variability in subsidence. Understanding the interaction of structural and supply driven 

changes on deep-water syn-rift stratigraphy requires a robust and holistic chronostratigraphy 

and understanding of the structural and palaeogeographic framework. The West Xylokastro 

RDF would benefit from further uncertainty reduction in the chronostratigraphic model, through 

tephrachronology or new biostratigraphic investigations, although preliminary investigations in 

this regard showed poor preservation of necessary material. 

8.3 Research Question 3: What are the styles and controls of bed to sub-basin 

scale stratigraphic architecture of deep-water deposits in rift basins? 

The West Xylokastro RDF exposures provide a rare example of the bed- to meso-scale 

stratigraphic architecture of deep-water syn-rift deposition from source, in this case via a 

Gilbert-delta, to basin-floor sink. The stratigraphy outlined in this thesis highlights the short 

spatial scales over which stratigraphic heterogeneities exist. Gilbert-delta bottomsets 

demonstrate a considerable variety of transport and depositional processes within a ~2 km2 

area, with the generation of an apron comprising conglomeratic splays and barforms, low 

aspect ratio conglomeratic convex-up bodies (CUBs), chute-lobe systems, and basinward-

extending channel forms. Many of these depositional elements link to amalgamate in 

composite and heterolithic sheet-like and lens-like deposits, but with diffuse depositional 

boundaries. The transition to the basin floor demonstrates two principal characteristics 

dependent upon structural setting. On the ramp into the hanging wall of synthetic intra-basinal 

normal faults, a mudstone- and sandstone-rich non-channelised but scoured apron records 

the bypass of high-energy, conglomeratic flows to the deeper basin. In the footwall of intra-

basinal normal faults, sheet-like heterolithic turbidites dominate and pass laterally into hanging 
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wall syncline channel complexes. The internal architecture of hanging wall syncline channel 

complexes is controlled by the lateral confinement of the syncline. The basin floor 

demonstrates short-scale transitions (<1 km ) from laterally pervasive sheet-like sandstones 

and lobate conglomeratic bodies to complex interdigitating and compensationally-stacked 

transient distributary channels, mass-transport deposits and scour-fills as part of a broader 

deep-water fan. This complexity arises from receiving coeval inputs from axial flows exiting 

hanging wall syncline channels, axial non-channelised flows sourced from the ramp into intra-

basinal structures, and mass-transport deposits from the transverse fault scarp apron. This 

complex fan apron passes distally (~8 – 10 km from the input Gilbert delta) along the structural 

strike of the fault terrace to more laterally pervasive, thin sandstone-rich lobate deposits within 

the next subsidiary depocenter of the transport pathway. 

The variability of coarse-grained packages and systems reviewed above is controlled by 

dynamic structural complexity of the basin floor, and sediment supply signals which act to 

disturb the tendency for coarse-grained supply and produce varying scales of basin-wide 

mudstone deposition into three principal groups of: i) laterally pervasive, depocenter-wide 

mudstones linked to large-magnitude sediment supply shut downs, ii) minor, laterally 

pervasive mudstones expressed in the basin-floor as shorter scale fluctuations of coarse-

grained supply which could be autogenic or relate to small magnitude allogenic variability 

which is not represented up-dip, or iii) spatially restricted mudstones (< 100s of metres) likely 

from changing interactions of sediment flow pathways with intra-basinal structures over time. 

The detailed documentation of the West Xylokastro RDF contributes to depositional models 

and to our understanding of meso-scale stratigraphic architecture in deep-water syn-rift 

systems. This study highlights that stratigraphic architecture can be strongly tied to changes 

in palaeobathymetry from structural growth and to sediment supply changes from climate 

induced catchment discharge variability. Understanding and prediction of stratigraphic 

variability must be backed up by a robust chronostratigraphic and structural framework in order 

to reduce uncertainty in deep-water syn-rift systems. 
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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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deep‐water fan, Gilbert deltas, Gulf of Corinth, rift basins, sand fairway, sediment routing, structural 
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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 (Ravnås & 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, 

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?

Highlights
• Outcrop example of a deepwater syn‐rift clastic 

system which can be linked from source to sink
• 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

• Mass‐transport dominated, transverse aprons can 
impart control on axial, delta‐derived systems

• 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

• New conceptual models for the evolution and dis-
tribution of deepwater, coarse‐grained depositional 
systems within syn‐rift settings
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F I G U R E  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; 
Hemelsdaël & 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, Hemelsdaël, 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 (Fernández‐
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;  Rubi et al., 2018; Zhong 
et al., 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; Fernández‐Blanco 
et al.,  2019; Gawthorpe et al., 2018; Rohais, Eschard, et 
al., 2007; Rohais, Joannin, et al., 2007). The growth of the 
basinward Likoporiá and Derveni Faults (Figure 1) oc-
curred ~750 ka (de Gelder et al., 2019; Fernández‐Blanco 
et al., 2019; Gawthorpe et al., 2018; Nixon et al., 2016) and 
are now incised by the antecedent Dervenios River. The 
presently active Likoporiá 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 km2 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 

F I G U R E  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 = Likoporiá Fault, K = Kyllini, M = Mavro, E/I = Evrostini/
Ilias
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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 Likoporiá 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 palaeoba-
thymetry of water depths between 400 and 500 m, this is con-
sistent with timings of activity on the Likoporiá and Derveni 
Faults from ~750 ka (de Gelder et al., 2019; Fernández‐Blanco 
et al., 2019; Gawthorpe et al., 2018; Nixon et al., 2016). With 
the growth of the Derveni and Likoporiá 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 Likoporiá 
Fault. We interpret that this obliquity is caused by the 

F I G U R E  3  (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
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continued northward migration of strain onto the NNW‐SSE 
oriented Likoporiá 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 Likoporiá 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
DE1 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.

4.2.2 | DE2 – Convex‐up bodies (CUBs)
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.

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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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 & 

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.

F I G U R E  4  Summary of depositional elements used to describe stratigraphy in the study area

DE1 - Mudstones/Marlstones DE2 - Convex-up bodies (‘CUBs’)

DE3 - Interbedded
Conglomeratic lenses   DE4 - Conglomeratic chutes/channels

DE5 - Sheet-like heterolithics DE6 - Winged conglomerates

DE7a - Conglomeratic sheets DE7b - Sandstone sheets

DE8 - Lenticular heterolithics DE9 - Chaotic and contorted units
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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/Ilias 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 (20–40 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.

4.2.5 | DE5 – Sheet‐like heterolithics
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.

Interpretation
Sheet‐like heterolithics encompass the deposits of high‐
density, gravelly/pebbly turbidity currents, sand‐rich 

F I G U R E  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 
CUB1. (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



12 |   
EAGE

CULLEN Et aL.

F I G U R E  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, 
DE3 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 (DE8) 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 | DE6 – 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 

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, & 
McCaffrey, 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.

F I G U R E  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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4.2.7 | 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 (DE5/DE8), 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 

F I G U R E  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 (DE5 
and DE8). 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
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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 (DE5).

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 | DE8 – 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
DE8 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
DE9 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).

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.

4.3 | Definition of stratigraphic units

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‐WX8, plus the Pyrgos Member and the 
Likoporiá 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 ‘Likoporiá 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.
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4.3.1 | 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 (DE8) 
and sheet‐like, sand‐rich heterolithic deposits (DE5). More 
distally, WX1 comprises marlstones (DE1) with rare sheet‐
like heterolithic deposits or rare, thin (<1 m) conglomeratic 
sheets.

4.3.2 | 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.

(iii) 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 DE8), 

F I G U R E  1 0  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
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convex‐up bodies (DE2) and minor, conglomerate‐filled 
chutes (DE4). This variability occurs within a ~3  km2 
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 DE8). 
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).

4.3.3 | 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 
6c). 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 

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 
(DE5), 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 (DE8), 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).

4.3.4 | 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.

4.3.5 | WX5
WX5 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 WX5, although locally this surface is hard to iden-
tify due to the variability of WX5. 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 WX5.

At the foreset‐bottomset transition, WX5 is a ~15–20 m 
thick succession of interbedded conglomeratic lenses (DE3) 
and minor heterolithic intervals (DE8; Figure 6a,b). More 
distally, lenticular and sheet‐like heterolithics (DE5 and 
DE8) comprise WX5, although exposure is limited.

4.3.6 | WX6
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 (DE5 and DE8) interbedded with 5–10 m intervals of 
mudstones (DE1).

4.3.7 | 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 × 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 11a), 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 

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

4.3.8 | 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 marlstones 
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 (DE5, 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).

4.3.9 | Pyrgos Member
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, 
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Southard, Spearing, & Walker, 1975) in coarse sand‐gravel 
matrices or have an open framework. Where this is the case, 
clast orientation can be treated as parallel to palaeoflow. 
Palaeoflow from clast imbrication in these beds (Figure 

13d,e) is towards the NNE which is concomitant with the 
orientation of the Pyrgos Member and its exposed channel‐
fills (Figure 13). Clasts in the Pyrgos Member conglomer-
ates comprise limestone, with subordinate cherts, sandstones 

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
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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 

F I G U R E  1 2  (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. (c) 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)
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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, 100–500 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. Likoporiá Slide) and 
chaotic mudstone‐rich stratigraphy onlapped by undifferentiated, 
axially derived sand‐rich stratigraphy (Figures 2, 3b and 14).

4.3.11 | Likoporiá Slide
The Likoporiá Slide covers ~4 km2

, 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 Likoporiá 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 Likoporiá Slide was 
sourced from the WXF scarp. The thrust sheets at the toe of 
the Likoporiá slide extend 2.5 km from the hangingwall cut‐off 
indicating that the basinward (northern) extent of the central 
transverse fairway/Likoporiá Slide is much greater than in the 
east. With the exception of the thrusted toe of the Likoporiá 
Slide (Figure 14a), the northern part of the Likoporiá 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 Likoporiá Slide within the foot-
wall of Minor Fault 3 means it must pre‐date WX8. However 
the western edge of the Likoporiá slide is poorly exposed and so 
accurate determination of its timing carries some uncertainty.

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. WX1 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 

F I G U R E  1 3  (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
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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 WX5 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 Likoporiá 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 

F I G U R E  1 4  The north‐eastern toe of the Likoporiá 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. (c) 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)
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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 Likoporiá 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, 

F I G U R E  1 5  Summary evolutionary cartoons for the development of the WXFB hangingwall. (WXF = WXF, DF = Derveni Fault, 
LF = Offshore Likoporiá Fault)
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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).

5.2 | Comparison with previous studies
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 

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 
WX5) 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, DE8) 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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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 

F I G U R E  1 6  (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
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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 WX5 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 km2. 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. Likoporiá 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, 

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 Likoporiá 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-
lution 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 Likoporiá 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 

F I G U R E  1 7  (a) Endmember models for mixed‐input deep‐water syn‐rift deposition in half‐graben settings. ZFR = Zone of fairway 
restriction, with arrow showing expansion resulting from filling of space by axial system at a rate greater than sedimentation in the transverse 
system. (b) Example temporal model for half‐grabens transitioning from rift border margin setting to fault terrace settings. (c) Summary viewpoint 
from Pyrgos Hill into the West Xylokastro Fault Block highlighting the extent of the axial system and interaction with the more limited transverse 
system and styles of interaction seen in 17a,b.
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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 
WXFB 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; Ravnås & 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 

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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Supplementary Information 3.1 - Ilias Main
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in Figure 10.
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Measurement planes for bedding are in LIME, there is no significane placed on the 
colour of the plane. The ‘Olive Grove’ exposure (Rohais et al., 2007a,b; Gobo et al., 
2014a,b, Rubi et al., 2018) is noted to assist cross-referencing.

4

1
.3

 k
m

1.1 km

2.0 km

4
8

0
 m

‘O
li
v
e
 G

ro
v
e
’

‘Olive Grove’

‘Olive Grove’



Supplementary Information 3.2 - Ilias Extension
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Supplementary Information 3.3 - Xelidori Temple
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Supplementary Information 3.4 - Lower Pyrgos Road
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Supplementary Information 3.5 - Ligia-Stomio
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Supplementary Information 3.6 - Skoupeikia Kalithea
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Supplementary Information 3.7 - Likoporiá
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Supplementary Information 3.8 - Projection examples

To project stratigraphy from seperate models requires the projection of stratigraphic surfaces in some cases where direct 
outcrop connection is absenent. For example the continued outcrop exposure in Supplementary information 3.5 which permits 
connectoin from Ligia to Stomio means stratigraphy can be tied round the back of gullies, however from Stomio to Skoupeikia - 
Kalithea surfaces must be projected according to their dip (shown below).

Dips across the gully are in keeping with variations observed 
between models and in the rear of the gully with dip increasing from 
~ 5 degrees to ~10 degrees from Stomió toward Stomio. Minor 
deviations around the control horizons themselves come about 
from changes in the gridding spacing between the drawn horizon 
from the model and surface, and influences from unconstrained 
parts of the model. These deviations however have no effect on the 
conformation of the constraint of the surface across the northern 
end of the gully where stratigraphy is well constrained.

Surfaces 3  (Base WX4) and 4 (Base WX4) can be projected from the exposure constrained by dip measurements. The surface 
gently increases in dip eastwards in keeping with the general form of the stratigraphy in this region.
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Appendix 3 – Sample Summary 

Sample 
Name 

Purpose* 
(PAL – Palynology 
PM – Palaeomag) 

Outcrop or 
Borehole? 

Depth relative to 
welltop 

Structural Dip 
(PM only) 

X 
UTM 

Metres 

Y 
UTM 

Metres 
Latitude 

(Decimal) 
Longitude 
(Decimal) 

Palaeomagnetic 
Polartiy 

Viable 
palynomorph 
preservation? 

G4_PM1 PM Borehole 44.74 5 629789 4220150 38.119867 22.480654 R  
G4_PM2 PM Borehole 64.84 10 629789 4220150 38.119867 22.480654 R  
G4_PM3 PM Borehole 83.35 20 629789 4220150 38.119867 22.480654 R  
G4_PM4 PM Borehole 99.73 15 629789 4220150 38.119867 22.480654 N  
G4_PM5 PM Borehole 114.02 10 629789 4220150 38.119867 22.480654 R  
G4_PM6 PM Borehole 136.47 5 629789 4220150 38.119867 22.480654 N  
G4_PM7 PM Borehole 144.2 5 629789 4220150 38.119867 22.480654 N  
G4_PM8 PM Borehole 158.63 <5 629789 4220150 38.119867 22.480654 N  
G4_PM9 PM Borehole 171.02 12 629789 4220150 38.119867 22.480654 N  
G4_PAL1 PAL Borehole 14.99  629789 4220150 38.119867 22.480654  N 
G4_PAL2 PAL Borehole 20.8  629789 4220150 38.119867 22.480654  Y 
G4_PAL3 PAL Borehole 37.94  629789 4220150 38.119867 22.480654  N 
G4_PAL4 PAL Borehole 45.15  629789 4220150 38.119867 22.480654  N 
G4_PAL5 PAL Borehole 62.57  629789 4220150 38.119867 22.480654  Y 
G4_PAL6 PAL Borehole 63.77  629789 4220150 38.119867 22.480654  N 
G4_PAL7 PAL Borehole 73.5  629789 4220150 38.119867 22.480654  N 
G4_PAL8 PAL Borehole 83.24  629789 4220150 38.119867 22.480654  Y 
G4_PAL9 PAL Borehole 99.74  629789 4220150 38.119867 22.480654  Y 

G4_PAL10 PAL Borehole 107.16  629789 4220150 38.119867 22.480654  Y 
G4_PAL11 PAL Borehole 114.02  629789 4220150 38.119867 22.480654  Y 
G4_PAL12 PAL Borehole 118.96  629789 4220150 38.119867 22.480654  Y 
G4_PAL13 PAL Borehole 120.83  629789 4220150 38.119867 22.480654  Y 
G4_PAL14 PAL Borehole 130.83  629789 4220150 38.119867 22.480654  Y 
G4_PAL15 PAL Borehole 136.47  629789 4220150 38.119867 22.480654  Y 
G4_PAL16 PAL Borehole 144.3  629789 4220150 38.119867 22.480654  Y 
G4_PAL17 PAL Borehole 150.61  629789 4220150 38.119867 22.480654  Y 
G4_PAL18 PAL Borehole 158.79  629789 4220150 38.119867 22.480654  Y 
G4_PAL19 PAL Borehole 163.82  629789 4220150 38.119867 22.480654  Y 
G4_PAL20 PAL Borehole 171.11  629789 4220150 38.119867 22.480654  Y 

S019 PAL Outcrop   624472 4218293 38.103884 22.4196897  N 
S008 PAL Outcrop   628291.4 4220477 38.12303 22.46363  N 
S001 PAL Outcrop   625974 4219239 38.1121992 22.4369831  N 
S029 PAL Outcrop   627340 4219944 38.1183595 22.452686  N 
S014 PAL Outcrop   624067 4218558 38.1063274 22.415117  N 
S021 PAL Outcrop   624456 4217825 38.099669 22.41942  N 
S012 PAL Outcrop   627663 4219445 38.11381805 22.4562807  N 
S005 PAL Outcrop   627468.6 4220216 38.12079 22.4542  N 
S013 PAL Outcrop   630630 4220203 38.1202230 22.490254  N 
PMF1 PM Outcrop 180 124/18 NE 628288 4220488 38.123127 22.463596 R  
PMF2 PM Outcrop 220-300 357/10 NW 625967 4219254 38.112335 22.436906 R  
PMF3 PM Outcrop 220-330 357/10 NW 625957 4219289 38.112652 22.436798 R  



PMF4 PM Outcrop 12 240/16 S 629769 4220177 38.120113 22.480430   
PMF5 PM Outcrop -30 184/20 E 630791 4220341 38.121443 22.492116   
PMF6 PM Outcrop Not used broken 154/08 E 627683 4219142 38.111085 22.456455   
PMF7 PM Outcrop -30 067/08NW 630616 4220224 38.120414 22.490099   
PMF8 PM Outcrop 330 039/10 SE 625862 4220356 38.122279 22.435903 N  

G4-PMS PM Outcrop n/a Disintegrated 629789 4220150 38.119867 22.480654 Disintegrated  
G4—PM4b PM Borehole 12.0 15 629789 4220150 38.119867 22.480654 N  
G4-PM1a PM Borehole 20.71  629789 4220150 38.119867 22.480654 R  
G4-PM4a PM Borehole 99.5 15 629789 4220150 38.119867 22.480654 N  
G4-PM4b PM Borehole 99.95 15 629789 4220150 38.119867 22.480654 N  

 

Unit Name Well Top (m – depth) 

MTD 62 

WX6 83.5 

WX5 102 

WX4 113 

WX3 119 

WX1 137.5 
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Appendix 5 - Zidjerveld Plots
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Depth Abdn_Ind
_P All Pollen Spores

Pinaceae 
undiff

Abies Picea Pinus Tsuga Cedrus
Curpessaceae
/Taxodiaceae

Juniperus Taxaceae

PAL20 171.11 0.341357 628 156 15 30 1 20 5 7 1
PAL19 163.82 6.893617 382 324 11 21 6 3 164 3 4 3
PAL18 158.79 0.763514 268 113 7 3 1 1 36 3
PAL17 150.61 1.181818 391 208 7 28 10 1 13 4 5
PAL16 144.3 2.212903 508 343 10 113 16 18 5 5 6 3
PAL15 136.47 1.791411 466 292 11 116 10 5 20 4 2 15 16
PAL14 130.83 0.627907 427 162 7 44 6 8 1 2 5
PAL13 120.83 2.114504 413 277 5 119 25 4 46 6 5 8 6
PAL12 118.96 10.06061 368 332 3 69 20 2 102 5 28 14
PAL11 114.02 1.872881 341 221 2 21 3 1 16 3
PAL10 107.16 2.75641 295 215 2 10 7 2 16 23
PAL9 99.74 5.770833 326 277 1 66 11 3 94 1 4 8 5
PAL8 83.24 4.105263 396 312 8 30 2 1 28 1 6 8 1
PAL7 73.5
PAL6 63.77
PAL5 62.57 9.342857 365 327 3 26 3 3 74 1 3 2 26
PAL4 45.15 0 167 0 0
PAL3 37.94 0.107143 62 6 0 1 5
PAL2 20.8 1.039801 412 209 2 7 11 1 175 1 5
PAL1 14.99 0.35426 302 79 0 19 3 1 55 1

Depth Abdn_Ind
_P All Pollen Spores Alnus Betula Quercus sp. Quercus 

robur
Ulmus/Zelko

va Salix Carya Corylus Acer Carpinus 
Betulus Populus

PAL20 171.11 0.341357 628 156 15 1 1 1 1
PAL19 163.82 6.893617 382 324 11 1
PAL18 158.79 0.763514 268 113 7 1 1
PAL17 150.61 1.181818 391 208 7
PAL16 144.3 2.212903 508 343 10 0 1 1
PAL15 136.47 1.791411 466 292 11 2
PAL14 130.83 0.627907 427 162 7
PAL13 120.83 2.114504 413 277 5 2 3
PAL12 118.96 10.06061 368 332 3 1 1 1
PAL11 114.02 1.872881 341 221 2 7 1
PAL10 107.16 2.75641 295 215 2 3
PAL9 99.74 5.770833 326 277 1 2
PAL8 83.24 4.105263 396 312 8 2 1 2 1 1
PAL7 73.5
PAL6 63.77
PAL5 62.57 9.342857 365 327 3 2 2 1
PAL4 45.15 0 167 0 0
PAL3 37.94 0.107143 62 6 0
PAL2 20.8 1.039801 412 209 2 1
PAL1 14.99 0.35426 302 79 0

Depth Abdn_Ind
_P All Pollen Spores Myrica Saxifragaceae Ericales

Poaceae 
undiff

Phragmites 
sp.

Poaceae 
(>37um) Cyperaceae

Asteraceae/C
omp. Tub.

Caryophyllace
ae

Chenopodiac
eae

Ephedra Filipendula Pedicularis Plantago sp. T. Sibiricum RanunculacEricaceae Urtica Scrophular Oleaceae Fraxinus spConvulvulaceae
PAL20 171.11 0.341357 628 156 15 40 1 7 30 2 1 2
PAL19 163.82 6.893617 382 324 11 88 2 15 8 1 2
PAL18 158.79 0.763514 268 113 7 8 2 45 1 1 1 2
PAL17 150.61 1.181818 391 208 7 63 1 3 18 51 3 2 1 2
PAL16 144.3 2.212903 508 343 10 1 90 1 6 21 43 3 1 4 2 1
PAL15 136.47 1.791411 466 292 11 1 39 2 21 35
PAL14 130.83 0.627907 427 162 7 26 6 1 20 27 4 3 1 1 2
PAL13 120.83 2.114504 413 277 5 1 15 2 1 15 9 2 3
PAL12 118.96 10.06061 368 332 3 1 41 3 26 9 1 2 1 2 2
PAL11 114.02 1.872881 341 221 2 4 55 5 33 50 3 2 1 4 1 1 1
PAL10 107.16 2.75641 295 215 2 1 62 3 4 37 28 3 1 2 1 1 4
PAL9 99.74 5.770833 326 277 1 36 5 13 14 2 2 1 4
PAL8 83.24 4.105263 396 312 8 2 62 1 8 37 94 1 4 3 1 2 1
PAL7 73.5
PAL6 63.77
PAL5 62.57 9.342857 365 327 3 1 79 7 22 36 2 5 1 2 5 6
PAL4 45.15 0 167 0 0
PAL3 37.94 0.107143 62 6 0
PAL2 20.8 1.039801 412 209 2 3 5
PAL1 14.99 0.35426 302 79 0

Depth Abdn_Ind
_P All Pollen Spores

Potamogetan
aceae

Spraganiacea
e

Liliacae Liniaceae Primulaceae Onagraceae Moraceae?
Amarylliadace

ae
Allium Rosaceae

Dipscus/Dipsc
aceae

Cornaceae Orchidaceae Valeraniaceae Tamariaceae Labiatae ButomaceaCallitrichac PolygonaceCampanalaUtricaceae PapaveraceMalvacae Nympheae 
PAL20 171.11 0.341357 628 156 15 1 1 1 1 1
PAL19 163.82 6.893617 382 324 11 1 1 1
PAL18 158.79 0.763514 268 113 7 1 1 2 1 1
PAL17 150.61 1.181818 391 208 7 3
PAL16 144.3 2.212903 508 343 10 1 1
PAL15 136.47 1.791411 466 292 11 1 1 1 1
PAL14 130.83 0.627907 427 162 7 1 1 1 1
PAL13 120.83 2.114504 413 277 5 2 2 1

Appendix 5 :
Three sheets of raw counts of
Pollen grains
Organic Matter
and Dinoflagellates
for the G4 palaeoenvironmental samples.

Available as digital data on request.



PAL12 118.96 10.06061 368 332 3 1
PAL11 114.02 1.872881 341 221 2 1 1 1 1 2 1 2
PAL10 107.16 2.75641 295 215 2 3 1 1 1 1
PAL9 99.74 5.770833 326 277 1 1 2 3
PAL8 83.24 4.105263 396 312 8 2 1 1 1 5 1
PAL7 73.5
PAL6 63.77
PAL5 62.57 9.342857 365 327 3 3 6 1 1 3
PAL4 45.15 0 167 0 0
PAL3 37.94 0.107143 62 6 0
PAL2 20.8 1.039801 412 209 2
PAL1 14.99 0.35426 302 79 0

Depth Abdn_Ind
_P All Pollen Spores Quercus ilex Phillyrea Lycopodiu

m Polypodium Lycopodium Sphagnum Trilete undiff.
Monolete 
undiff

Asplenium t Equisetum Fungal Spores Mosp.
Broken/Corro

ded
Broken 
Saccate

Unkown/Unr
esolved

PAL20 171.11 0.341357 628 156 15 457 2 1 2 1 8 1 5 12 1
PAL19 163.82 6.893617 382 324 11 47 2 1 1 3 4 9 45 2
PAL18 158.79 0.763514 268 113 7 1 148 1 2 4 3 64 2
PAL17 150.61 1.181818 391 208 7 176 1 2 4 23 22
PAL16 144.3 2.212903 508 343 10 155 1 2 1 6 46 14
PAL15 136.47 1.791411 466 292 11 163 1 2 1 7 49 6
PAL14 130.83 0.627907 427 162 7 1 258 2 1 4 24 2
PAL13 120.83 2.114504 413 277 5 131 1 4 21 4
PAL12 118.96 10.06061 368 332 3 33 1 1 1 41 49 6
PAL11 114.02 1.872881 341 221 2 118 1 1 14 5
PAL10 107.16 2.75641 295 215 2 78 2 24 5
PAL9 99.74 5.770833 326 277 1 48 1 31 25 6
PAL8 83.24 4.105263 396 312 8 1 76 6 1 1 7 20 4
PAL7 73.5
PAL6 63.77
PAL5 62.57 9.342857 365 327 3 4 35 1 2 18 12
PAL4 45.15 0 167 0 0 167
PAL3 37.94 0.107143 62 6 0 56 6
PAL2 20.8 1.039801 412 209 2 201 1 1 115 2
PAL1 14.99 0.35426 302 79 0 223 154



Sample Name Depth AOM Marine Alg Acritarchs ZoomorphsFreshwt. AlCuticle/UnsBladed Resin Wood (wel Wood (ppoDSOM
PAL20 171.11 0 0 1 2 2 281 8 2 10 62 19
PAL19 163.82 4 1 0 3 3 176 7 26 64 14
PAL18 158.79 5 2 3 155 7 3 8 105 7
PAL17 150.61 1 30 1 7 360 8 4 16 11 32
PAL16 144.3 1 27 1 9 198 27 5 35 4 23
PAL15 136.47 12 11 155 11 3 33 19 35
PAL14 130.83 1 1 23 4 6 145 14 3 14 25 28
PAL13 120.83 1 19 1 11 160 19 6 8 22 41
PAL12 118.96 1 1 3 3 6 143 32 2 17 39 30
PAL11 114.02 12 12 5 133 18 7 41 31 38
PAL10 107.16 4 2 1 4 165 11 4 38 25 21
PAL9 99.74 10 1 4 34 141 25 5 48 16 30
PAL8 83.24 5 1 3 207 15 3 36 10 38
PAL7 73.5
PAL6 63.77
PAL5 62.57 1 5 147 5 1 37 50 11
PAL4 45.15 7 28 25 31 54
PAL3 37.94 3 1 4 40 10 2 2 55 31
PAL2 20.8 2 1 3 85 8 2 114 14
PAL1 14.99 1 1 97 9 3 110 24
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Sample Depth Spiniferities Sp. cruciformis Impagidinium
Op. 
centrocarpum Op. Israelium Peridinium Diplopsalid

Nem. 
labyrinthea Polykrikos Gynodinium

Alexiodinium 
Chaene

Petaphorsodini
um dalei

Selenopendphi
x quata

Caspidinium 
magosum

Echinidium 
Zaftildeae Atax. Choane Dino Undefined

PAL20 171.11 1 1 1
PAL19 163.82 3 1 1 14 1
PAL18 158.79 96 28 2 5 5 1 1 2 2 10 60
PAL17 150.61 18 6 2 2
PAL16 144.3 13 6 2 2 1 7
PAL15 136.47 2 1
PAL14 130.83 2 3 1 1 1
PAL13 120.83 1
PAL12 118.96 1
PAL11 114.02 8 1
PAL10 107.16 95 10 1 3 1 1
PAL9 99.74 95 14 0 2 2 1
PAL8 83.24 1
PAL7 73.5
PAL6 63.77
PAL5 62.57 1 1
PAL4 45.15
PAL3 37.94
PAL2 20.8 64
PAL1 14.99 9 4
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Appendix 6 - G4 Sedimentary Core Log



7.5

8

8.5

9

9.5

10 Fining and thinning up sequence of cm
scale fine sands with intervening silts.

Amalgamated 20cm, “massive” medium
sands.

Fining up gravelly sand with mud-chips.

Buff coloured siltstone rubble with 2-5cm
sands interbedded with burrowed silts.
Buff coloured siltstone rubble with 2-5cm
sands interbedded with burrowed silts.

3

8.7



10.5

11

11.5

12

12.5

13

Mud-rich, broken core with occasional silt
stringers.

SFB and common.chondrites

Millimetric ‘biscuits’ of siltstones

Small pebbles and gravels at base of
slightly fining up coarse sand,

Pale cream and black laminae (<1mm)
onlap upper sand topography

Coarsening up rubble grades into coarse
sand with gravel horizons.

Grain size break between cm-scale fine
sands and poorly sorted silts becomes
more diffuse. (Bioturbation/fluidisation?)

11.8



13.5

14

14.5

15

15.5

16

16.5

G4_PAL1
15.15-15.16

Moderately bioturbated siltstones with
occasional diffuse fine sand stringers.
Chondrites planolitesand common.

Mud matrix supported conglomerate with
small to large pebble clasts ( mostly sub-
rounded)

Sand and silt matrix supported (vf-vc)
conglomerate with small to large roudned
pebbles and large pebble-sized mud
intraclasts.

59cm of generally mud-rich matrix
supported (but variable and vps) gravels to
very large pebbles with no grain size trend.

4

14.9



17

17.5

18

18.5

19

19.5

Small to medium pebbles at top of
coarsening up rubble section.

Chaotic muddy siltstone with diffuse coarse
sand lenses.

Small (gravel sized) mud chips at base of
fining up medium-fine sands and at top of
coarsening up medium-coarse sands.

5

17.9



20

20.5

21

21.5

22

22.5

G4_PAL2:
21.42-21.47

Poor condition - pebbles isolated in mud

Massive, structureless buff coloured muddy
siltstones.

Microfaults mud-rich silts with
disordered/chaotic character with very
coarse sand layers of variable thickness
(from <1cm to 3cm)

6



23

23.5

24

24.5

25

25.5

Coarsening up sands with internal,
discontinuous surfaces of <1mm silt and fs
horizons. Possibly cross laminated?

Fining up cm-scale medium sands grading
into poorly sorted, bioturbated muddy
siltstones.

Gravelly coarse sand rubble.

Pebbles in ps siltstone over lain by 2-4cm of
gravel with a sharp transition into laminated
sand and silts which show ‘wafering’.

Sharp transition into mud-clast rich slightly
fining up gravelly sandstones. Mud clasts
are typically concentrated near the base
with upper sandstone showing some planar
laminations in the top.

mm planar laminated sand produces
‘wafers’ of coarse material - individual sub-
centimetre scale fining up sequences from
coarse to medium sand.

Siltstone rubble - chaotic.

Poor condition  pebbles isolated in mud.



26

26.5

27

27.5

28

28.5

29

Millimetric layered silts, fs and muds with
floating clasts and variable dip continues.

Pebbly siltstones, with small pebbles and
granules.

Gravelly sand rubble. Intact pieces show
occasional small pebbles.

Heterolithic rubble with contourted muds
and large pebble clasts.7

28.3



29

29.5

30

30.5

31

31.5

32

s
i-
v
f

c
s
-s

i

Fine sand (vps) rubble.

Interbedded massive or slightly fining up
fine sands and poorly sorted siltstones
(thickening upward). Muds are
disaggregated and sands contain mud
chips, Silts are cream coloured and contain
significant vfs fraction.

Thick, slightly fining up (from m to f) sand,
with continuous core breaks possibly
representing amalgamation surfaces.

Fining upward gravelly sandstone with
banding of organic fragments and gravel
clasts.

Stacked sequence of gradually fining up
sands (probably amalgamated?) from
gravelly sands to very fine sands with
planar laminations overlain mud-rich silts.

Matrix supported, massive deposit with
sub-rounded to rounded pebbles of small-
very large size. Matrix consists a vps mix of
mud, silt and coarse sand.

Massive, structureless buff coloured silty
mudstone

Gravelly/pebbly siltsone, matrix supported
with rounded-sub angular small pebbles
and granules.

Pebbly, poorly sorted sandstones (matrix of
silt and fine sand). Clasts typically sub-
angular to well rounded very small -large

Matrix supported deposit of muddy vf
sandstones with floating small-large
pebbles clasts in millimetric layered silts
and muds which show significant dip
changes. Millimetric layering occasionally
distorts around pebbles.

8

31.3



32.5

33

33.5

34

34.5

35

m

Massive, structureless poorly sorted
medium sands overilain by steeply dipping
fluidised vps siltstones with layering picked
out by vf sands and darker mud horizons 1-
5mm thick.

Sub-vertical gravel lenses grades into
contourted mud-rich siltstone with angular
mud clasts of medium pebble size.

Poorly sorted brown/cream siltstones with
rare vf sand horizons and occasional
thicker fining upward sand beds (1-3cm).

Muddy gravel rubble.

Very friable core of vps (from vf sands to
gravel) . Apparently structureless but core
condition poor, could be amalgamated?

Very weak bioturbation in muddy siltstones
with fine sand stringers.

Poorly sorted massive medium sandstone
with some vf intraclasts.

Massive/slightly fining up vf sandstones
with organic fragments and mud clasts.

Massive fine sandstones with gravels and
mud chips.

9

34.7



35.5

36

36.5

37

37.5

38

Rubble: rounded small to very large (~ core
width) pebbles.

10cm thickness of contorted/chaotic mud.

66cm of coarsening up rubble from vfs to
small pebble gravelly sandstone (clast
supported with m sand matrix.)

Gravelly rubble.



38.5

39

39.5

40

40.5

41

G4_PAL3:
38.51-.38.54

Highly chaotic, disaggregated silstones
showing vertical layering in parts and
significant weathering/diagenetic
alteration.. Floating pebbles present in
significantly fluidized matrix.

Fractured sandy siltstones and mudstones
with intact pieces showing deformation
(overturned/folded layering)

Fractured sandy siltstones and mudstones
with intact pieces showing deformation
(overturned/folded layering)

Fractured core with steep and chaotic
layering in muddy siltstones with
intraclasts.

Chaotic muds with no layering.

Return to 1-2cm fining up sands with
poorly sorted siltstone caps.

Weakly biourbated siltstones with thin vf
sand horizons.

1
0

39.9



41.5

42

42.5

43

43.5

44

44 5

Fractured mud-rich silts both large brittle
fractures with glassy fracture planes and
PFFRs on intact pieces with throws ~1cm.

Mixed cream and grey siltstones with black
mud rich layers which highlight faint
layering.

Oxidised pebble material?

Thin cross laminated medium-coarse sand
overlain by fining up muddy siltstone with
discordant, although faint, probably
bioturbated layering.

Transition from planar layered siltstones to
contorted and microfaulted siltstones with
numerous PFFRs.

mm-laminated creamy grey silts with dark
grey/brown muds.

Change from planar laminations to
deformed, mud-rich siltstones with
deformation being greatest in mud-rich
portions. Deformation takes form of
microfaults, truncated folds, sheath folds.

79cm of muddy siltstone rubble with
chaotic internal structure on broken pieces.

1
1



44.5

45

45.5

46

46.5

47

47.5

G4_PAL4:
44.94-44.99

G4_PM1:
44.54-44.74

47.19-47.8m

Very chaotic pale cream/buff coloured
contourted/deformed units comprising
highly fluidised coarse sands with sandy
siltstones showing cm scale layering in
parts.Microfaults present towards base,

Contourted muddy siltstones with
convalute lamination and sheath folds
transitions from pebble rubble.

Contourted muddy siltstone, with gravel-
floating very large pebble clasts and also
isolated horizons of gravel.

Chaotic coarsegravelly sand lenses in
poorly sorted siltstones with occasional
pebbles.

Massive structureless very fine sands.

Colour change to grey siltstones with mud-
rich crenulated horizons.
Mud-rich siltstones generally cream/grey in
colour although with frequent red
laminations.

Cream coloured, structureless sandy
siltstone. Visible pores surrounded by red
halos. (Oxidised organics?)

Orange very fine sands with sharp bases.

5cn of pale grey, mud-rich silts.

1
2
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48

48.5

49

49.5

50

50.5

Very hard (cemented?) massive medium
sand

Clast supported conglomerate with typical
Ilias assemblage (LST, Phyl, Chert, Qz,
Sed intraclasts) of angular-sub rounded
pebbles small-large pebbles. No
preveferential orientation, some vertical.

Mud matrix supported conglomerate of
small to large rounded-sub angular
pebbles, poor quality core (mud possibly
artificial?)

Gravelly sandstone (matrix is vps from cs
to silt)

Poorly sorted (i.e sandy) siltstone rubble.

Generally massive (some with slight fining
up in upper part) medium sands with
floating mud clasts from small pebble to
medium pebble size with intervening
cream/buff coloured silt stones, some with
~2mm thin red horizons.

Rubble comprising pebbles in mud matrix?

Pale cream/buff coloured silts.

50 7

47.8



51

51.5

52

52.5

53

53.5

Unslabbed but broken: probably boulders
mixed with coarse sand and pebbles.

Well rounded to sub-angular small-very
large pebbles supported in vps matrix with
mud, silt and ms. Some sedimentary
intraclasts and internal deformation
apparent on some intact pieces?

1
3
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54

54.5

55

55.5

56

56.5

59.6-56.8 - fine sand rubble.

56.8-55.8m - small pebbles to very large
pebbles (possibly some greater than core
width).

No matrix apparent. (washed away? cs?)

Phyllites, LST, sed, chert present
throughout.

Rubble: small pebbles to very large. No
matrix.

Boulder clasts present (cut by coring, so >
11cm). Clast size decreases upwards.

56.8

55.8

54.7



57

57.5

58

58.5

59

59.5

60

F-m sands with small pebble floating

Silt rich sands and siltstone ruble with
intact pieces showing cm scale
deformation in silts associated with fine
sands.

1
4
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60

60.5

61

61.5

62

62.5

63

G4_PAL5:
62.74-62.81

Sh ll f t d h ll th h t

Silts poorly sorted with significant fine sand
fraction. Shell fragments common in silts
and intervening muds (max. size 1cm).

Significant microfaults.

Lower silts show no structure and are very
chaotic/fluidised.

cm scale alterations between flaser or
massive brown or cream/buff sandstones
with fluidised homogoneous muddy
siltstones.
Sharp transition to mixed brown and grey
flaser sections, typically ~1cm thick.

Mud matrix in generally yellow/buff mixed
rubble from coarse sand to well rounded-
sub angular pebbles (small-medium) with
occasional large pebbles.

Some intact pieces show clast supported
pebbles (as above) supported by vps
muddy siltstone matrix.

poorly sorted rubble; ~D50 cs, D10 silt, D
max gravel

Parallel laminated silts directly overlie a
mud/silt matrix supported deposit with
pebbles and coarse sand and mud clasts
which become clast supported at the base
of a concentrated horizon which may be a
possible boundary to an underlying
medium sand (ps) with med pebble sized
intraclasts which are contourted.

Partially consolidated fine sand rubble with
some larger blocks of fine sand matrix
supported small pebble conglomerates

Gravelly sand rubble.Gravelly sand rubble.

1
5



63.5

64

64.5

65

65.5

66

G4_PAL6:
63.89-63.93

G4_PM2:
64.84-64.95

Poorly sorted deposits of mud-rich sands

Deformed silty/sandy mudstones (ps) with
vertical sand lenses ~ 3mm wide and 10-
15cm long. Some dark grey mud rich

Chaotic, poorly sorted deposit with
overturned folds, disaggregated layering.

Microfaulted interbedded, pale grey silts
and alternating/laminated dark grey and

Straw yellow/buff siltstones ‘blebs’ with
undulose tops and bases surroudned by
black material. (organics? mangenese?)

Occasional isolated small pebbles

Very homogenous poorly sorted silts,
showing very faint banding/layering

Change from grey to buff/strat yellow
coloured , poorly sorted siltstones.

Pale cream/buff poorly sorted siltstone with
no layering, appearing quite chaotic and
fractured.

Various intra clasts/fragments typical
<1mm or 1-2 mm of:
- organic fragments
- red ‘weathered’ clasts
- pale white <1mm ornate grains - forams?
- shell impressions/fragments.
Contact between colour change is ~1mm
grey mud, with some red/brown material.

V undulose contact with coarse-medium
sand with occasional granules.

Layering becomes more apparent than
below with alteration between pale cream,
brown and grey siltstones. Heavily
microfaulted.

Sands v. chaotic with rip up clasts/ folding
and fluidisation into marls. Generally very
coarse with well rounded grains. Silts show
no or weak layering andcontain a single
floating well rounded, medium LST pebble.

Ornamented 1-3mm polished grains?

Laminated but distorted muds.

Microfaulted siltstones with transitions
between brown grey and br/cream horizons
in relatively well layered stratigraphy.
Layers picked out not only by colour but by
layers of organic rich laminae

Shell fragments and shells throughout,
typically thin shells (<5mm) with some
small (~1cm) brachiopod (?) shells.



66.5

67

67.5

68

68.5

69

s
i-
c

Layering fairly week shell fragments (1 2mm) in

Vps, sandy siltstones with plentiful andchondites
horizontal burrows. Numerous faults, with
distorted, variable, steep layering or entirely
absent (homogenised) layering.

Mud rich with fine sands with significant amounts
of 1mm-1cm shell fragments and organic clasts.
Over lain by silty sands and microfaulted.

Highly fluidised laminae

Mirofaults muds and muddy silts.

Matrix suppoorted, with very poorly sorted matrix
(from mud to coarse sand. With clasts of mud
intraclasts, and small-medium pebbles.

Microfaults

Muddy siltstones with moderate bioturbation to
almost homogonised marlstone in places.

0.5cm-1mm laminations of silts, muddy silts, silty
muds (grey, brown, dark grey, green grey)

67.3-67.4:
0.5cm- 1mm laminated silty muds and silty
sandstones with no bioturbation, but possible
light fluidisation or flaming on laminae
boundaries (almost appears ‘crenulated’).
Common micro faulting
Shell fragments in silty sandstones.

Similar to below, with ‘crenulated’
appearance in 2cm alterations of brown and
grey siltstones.

V chaotic, sand with mud clasts in various
orientations.

Laminated (0.5cm scale) brown and dark
grey silty mudstones with common
microfaulting.

Poorly sorted deposits of mud rich sands
with overturned folds and very steep
bedding

Transition from layered stratigraphy
(although with common microfaults) with
shell fragments in evident sandier horizons
to almost homogonised muddy, silstones.

1
6
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67.7



69.5

70

70.5

71

71.5

72

15cm of faintly yellow grey sandy siltstones in

Rubble comprising rounded-sub angular, small to
very large pebbles and sedimentary intraclasts
underlain by thin (~5cm) section of contorted
pebbly mudstones.

Highly chaotic yellow/grey siltstones with gravelly
sand horizons sometimes containg small
pebbles and gravels with intervening laminated
muddy silts.

Planar laminated (although with occasionally
diffuse or ‘disturbed’ laminae) silts with
occasional diffuse sands. SFB absent.

Clast supported gravel with coarse sand matrix
and mud-chips. Core quality fairly poor so
bedding uncertain.

Vps, Yellow/grey medium sands with grains
ranging from silt to very coarse,

Medium sand fining upward to fine with mud
clasts throughout.
Grey/black xlam  vf sand interbedded with
laminated silts comprising 0.5cm packages of
millimetrically laminated cream and pale grey
silts overlying grey mud-rich silts with chondrities
underlain by diffuse vf sands.

Sands with flamed/undulose tops but abrupt
change into orange/brown muds with occasional
intervening weakly bioturbated siltstones.

Coarsening up sand from fine-medium with
dispersed mud clasts from granule-small pebble
sized over line by thin (<1cm) mud cap with sand
filled burrows.

Change to grey silts in @10cm successoin.

Pale cream mud-rich silts with some chondrities
in upper 1cm which shows develpoment of
diffuse sand lenses.

Lamination in red coloured silt follows top sand
morphology.

Coarsening up sand with 1-cm long mud chips in
upper part prior to planar lamination.

Mud-matrix rubble with sedimentary intraclasts
and rotated blocks overlain by fluidised/chaotic
sandy siltstone.

Thin succession of cream/yellow muds prior to
rubble

Brown siltstones transitioning into grey siltstones
with lots of 1-2mm shell fragments. Dip variable.

Smectitic/swelling muds.

Matrix supported with floating, sparse, angular
small pebbles/gravel with undulouse boundary to
grey mud.

Ps silt (fairly sandy) with laminations of hard,
dark laminae whihc highlight bedding

mps siltstones with dispersed sands.

Layering fairly week - shell fragments (1-2mm) in
slightly sandier base of marlstone package.mps
siltstones with dispersed sands. Some rare,
dispersed organic fragments in upper part.

1
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72.5

73

73.5

74

74.5

75

75 5

G4_PAL7:
73.43-73.5

Massive/structureless muddy siltstones with rare
whispy/diffuse sands 1-5mm thick.

Layering in siltstones become more apparent,
and noticeably steeper than prior.

Layering becomes less pervasive.

Red, 1-3cm nodule and red weathering of hard,
cemented layer. - Siderite?Just oxidation of iron-
rich compounds from being near surface? Still
fizzes with HCl but could be from contamination
from marly host.

Moderate bioturbation of horizontal dark streaks,
black/organic filled burrows and minor/rare
chondrities. But rarely enough to destroy
layering. Often altered to have a red/rusty brown

Layering becomes less pronounced.

Box starts at 73.5m (on basis of depth marker).

Core unslabbed for 40cm, but appears to show
4cm long, 3mm thick black organic fragments
which highlight a mm and cm layering. Dip ~25
degrees.

Mud-rich siltstone, with continued, patchy red
weathering.

Intense microfaulting - generally PFFRs on
account of mud-rich strata.

Micro faults with localised red/orange silt
surfaces in otherwise pale grey calcareous
siltstones.

15cm of faintly yellow grey sandy siltstones in
relatively poor condition coor.

High frequence of diffuse sand horizons with
accompanying SFB which may be distorted
through further bioturbatino or fluidisation.

Faulted and folded cm and mm layered pale
yellow/grey siltstones. High angle (apparently)
reverse fault with @2cm throw.



75.5

76

76.5

77

77.5

78

78.5

Paralell laminated silts with thin <1mm cream
horizons.

Mud-rich, heterolithic chaotic with deformed
layering.

Sandstone rubble (vf-c) with small pebbles and
mud clasts.

Silts become laminated mm scale with
bioturbation significantly reduced.

Rounded- sub angular Pebbles (small to very
large)in contourted muds.

Highly fractured (with glassy fault planes).

Dips variable with common micro faulting. Faults
are commonly mineralised with red material.

Lithologically typically bioturated silts with whispy
and diffuse sand horizons.

Cm- layered muddy, bioturbated siltstones with
occasional whispy/diffuse sands. Some thin
(<1cm) mud-rich layers highlight layering during
less bioturbated parts.

Organic rich layers

Heterolithic - sand-rich with gravels with no
layering,

mm laminated silts and fine sands laminate and
mantle clast supported, small pebbles
underneath.

Muds change from non-swelling to swelling
muds.

Gravels and small pebbles in mud-rich matrix.

Intense microfaulting with sub-vertical ladder
fracture corridors. Faults offset folds in places
[folding precedes faulting]/

Muddy, gravel stringers/lenses.

Angular discordance either side of sheath fold.

Ladder Fracturing/microfaulting continues

Glassy fault planes in rubble.

1
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79

79.5

80

80.5

81

81.5

Bioturbation becomes more pervasive with
Chondrites and dark fill horizontal burrows. Silts

kl l i d i h d i h

Microfaulting common.

Silty and sand (f) rubble.

Core unslabbed and fragile:

Silts with frequent minor influxes on sand?

Highly chaotic with flamed silts holding pebbles
and granules in discontinuous variably oriented
horizons. Some vertical clasts with intact pieces
show siltstone and organic flecks. of surrounding
beds.

Heterolithic rubble, generally becoming more
sand-rich to top.
Intact pieces are fairly chaotic with no layering.
Fractured, and very large grain size range from
silt - large pebble clasts.

Highly deformed/faults in heterolithic, chaotic
deposits.

Lamination of muddy silts picking out grey and
brown alternation punctuated by thin cross
laminated sands.

1
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82

82.5

83

83.5

84

84.5

G4_PM3:
83.35-83.44

G4_PAL8:
83.44-83.46

Pebble rubble continues through to 84m with no
matrix preservation.

Clast supported but highly chaotic with some
local matrix support by gravelly sand matrix.
Clasts from small-v.large pebbles which
subrounded-rounded LST, Phyllites, sed, and
intraclasts.

Pebble rubble continues.

Mud-rich silts abruptly overlies pebbles and
gravels.

Millimetric laminated muddy silts, dark grey/pale
grey) with some rare whispy/dffuse vf sands with
partially angular unconformity. No or very weak
bioturbation with variable dip.

Medium sub-rounded to angular pebbles in silty
mud-matrix. No phyllites present.

Layering not present with bedding picked out by
whispy sands.

Fractured mud-rich siltstones with millimetric
laminations of smectitic/swelling clay.
Well developed glassy fracture planes.

Sands often following by grey, non-bioturbated
mud for 1-2mm.

Layering generally not present/pseudomassive,
some small organic flecks/fragments present.
Significantly less bioturbated than most
marlstones in lower section of stratigraphy.

High concentration of <1mm thick PFFRs.

Slight increase in BI but still largelly non-
bioturbated.

Mirofaulted, with no cross-fault thickening.

Whispy sands with weak bioturbation.

are weakly laminated with some mud-rich
horizons.



85

85.5

86

86.5

87

87.5

Core quality deteriotes but appears to be poorly
sorted sandy siltstones with 1mm and <1mm
black organic fragments common.

Gravelly sands underlain by burrows silts.

Sands become thinner and finer, but still show
significant burrowing into silts.

Generally v.biotruabted marlstones which are
moderately to poorly sorted (muddy siltstones).

Decametric colour changes from pale grey and
dark grey pick out layering which is otherwise
destroyed by bioturbation.

No layering - pseudo massive marl

Burrows or organic fragments are aligned in
“plan” view in linear ridges in fine sands.

Rubble:  Intact pieces show clast supported -
med-v.large pebble conglomerate. Clasts are
sub-rounded with gravelly sand matrix. Phyllites
and LST clasts present.

2
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88

88.5

89

89.5

90

90.5

91

Poor core condition:
Clast supported? (matrix washed away by
drilling mud?). Clasts are generally rounded -
subb-rounded ranging from c.sand to
f.pebbles.

Coarser rubble at base

Argillaceous sands with very organic rich

Bioturbated buff/cream coloured marlstones with
faint, decametric layering.
27cm unslabbed but broken (possibly upside
down?)

2 - 0.5cm laminated silty muds with pale
cream, grey and dark, brown colour
alterations

Large well developed SFBs.

Core quality deteriates to rubble.

Upper rubble section has pieces which show
no layering or chaotic texture.

Sand layers begin to thicken upward with
weaker bioturbation in intervening siltstones.

Organic rich sands.

silts become vps.

Rubble/broken but apparently Clast
supported with vps matrix comprising mud-
cs. Clasts are sub angular to well rounded
gravel to very large pebbles.

2
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91.5

92

92.5

93

93.5

94

Mud clasts in silts graded into from fine-
medium sands.

No chondrites in silts boundaries well defined
with significant SFB.

Shell fragments.

Cross lamination in fine sands picked out by
organics.

Increase in BI with return of chondrites and
SFB.

1-3cm fine sandstones interbedded with
moderately bioturbated siltstones.

Fining up f-vf sand, with undulose base and
planar lamination at top grading into mud.

Laminated dark/pale grey muds with a single
1mm cream lamina.

SFB intense in intervening silts which are
generally poorly sorted.

alterations.

2
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94.5

95

95.5

96

96.5

97

Some type burrows onThalassanoides
broken pieces.

Fracturing intensity decreases but core
unslabbed.

Core no longer fractured and partially
slabbed.

Lower part very distorted and broken. May
mean section until 93.5m is of uncertain
depth?

Mud clasts in silts graded into from fine-
medium sands.



97.5

98

98.5

99

99.5

100

G4_PM4:
99.73-99.87
G4_PAL9:
99.87-99.91

Layering becomes weaker where bioturbation
becomes more intensive.

Short scale (decametric) variability in
bioturbation intensity with transition from
layered to very mottled fabrics.

11cm of mud-rich rubble on intact pieces
appears quite chaotic, upper 5cm appears to
be similar to highly mottled/bioturbated
marlstones below.

Variably coloured (decametric alteration of
dark grey and pale grey) muddy siltstones.
Bioturbation is typically restricted to
chondrites , dark brown hroizontal burrows
and teardrop shaped SFB. -Thalassanoides
type burrows seen previously are not present.
Fine sands in this region a fairly mud rich.

Colour alteration weaks with sands less
frequent but when present more significant
dispersed on account of higher BI.

Core highly fractured and mostly rubble from
96m. “DAPLA DRIL” - core dropped in barrel
during drilling and had to be recovered/fished.

Appearance on intact blocks generally seems
similar to underlying marlstones.

2
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100.5

101

101.5

102

102.5

103

Organic fragments form horizontal horizons.

Sands change from generally grey to slightly
brown/grey. Bedding generally thin (~1cm or
less).

Low angle cross lamination in fine sands with
sharp tops into silts. Silts generally cream/off-
white in colour.

Sand-silt boundaries return to being sharp

Very large SFB (3-4cm long, 0.5cm wide) - or
fluidised?

Sands contain mud lenses.

Silts largely pale/creamy grey. Organic
material common in burrows typically sub-
parallel to layering, although variable.

SFBs common in cream/grey muddy
siltstones. Organic fragments common.

Horizons of organics with bioturbation
restricted (i.e not cross cutting or pervasive
unlike below) either side of a thin (~0.5cm)
fine sand.

Sands becoming less frequent, with less
layering in siltstones.

Bioturbation becomes weak with marl
appearing almost massive.

2
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103.5

104

104.5

105

105.5

106

106.5 Sharp topped fining up sands with burrows at
top. Quickly grades into bioturbated

Muds change from generally grey to dark-
grey and orange/brown.

Loss above may be cumulation of distributed
minor loss due to poor coor condition in
heterolithic core below, however core above
loss/DM is somewhat fractured.

Heterolithic and chaotic with poor condition.

Fractured and rubbly siltstones capped by
fine sands.

Colour hanges from 1mm of dark green and
pale browny grey muddy silt grades to dark
grey mud.

Whispy/diffuse bioturbated and fluidised
sands amongst mud-rich silts.

Rubble mostly comprised of small-medium
pebbles.

Silty/fs matrix supported conglomerate with
sub-rounded to rounded clasts ranging from
gravel to v.large pebbles. Core quality quite
poor.
Some lenses of sand (injectites or
intraclasts?) Phyllites present along with LSts.
No grain size trend in matrix or clasts.

Fs-m sand matrix supproted with subrounded
to rounded pebbles. Phllites, LST,
sedimentary intraclasts.
No apparent grain size or support trend.
Clasts have variable orientation (some
vertical).

Mud chips at top of thicker sands, typically cs
sized.

2
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107

107.5

108

108.5

109

109.5

G4_PAL10:
107.43-
107.45

3cm sands, fining up from cs to fs seperated
by grainsize change from largely structureless
sand (some amalg. surfaces possible?). Sand
is generally mps with signicant silt fraction up
to m f/c at top Grains are sub rounded but

Mud clast rich med-coarse sand, unlike below
relatively deficient in organic fragments.
Mud clasts (typically cs-small peb.) in horizon
~1cm from base of bed and in upper part of
bed underlain by x-lam and planar lam.

9mm horizon of very poorly sorted/’dirty’
coarse sand.

Coarsening upward sand with organic rich
lower few cms.

Internal scour surfaces in sand?

Some mud chips on rubble peices?

Pebble sized mud chips ~ 1-2cm from base of

Core generally in poor condition (lots of
wafering’).
Pale creamy/brown silt capped by f-m sand
with large pebble mud clasts and possible x-
lam?

Pale grey siltstones with SFB and chondrites
serpeated by thin fs horizons which transition
into silt gradationally. Silts are moderately
sorted with rare sand grains.

Pale grey/brown mud with poorly sorted silt
grading into vf sands.

Distorted? variable dip with vps/vps siltstones
and whispy sands with SFB connected.
Generally massive, but deformed sand with
mud chips.

F-m sand grading into mud. SFBs common.

top. Quickly grades into bioturbated
muds/silts.



110

110.5

111

111.5

112

112.5

c

s
i-
fs

Sharp basal transition into highly
chaotic/deformed heterolithic core with sheath
folds in laminated siltes picked out by
alternation between white layers and darker
muds.

2cm lmtd vps silts with vfs sandstones

Mtx supported deposit (with vf/f silty sand
mtx), clasts are typically LST, mtmph,
intraclasts. Most are typically gravel-small
pebble in size. Possibly showing a slight
fining up in clast size? Clasts show no
preferred alignment.

Possibly clast supported at top?

V.chaotic and deformed with sand/silt
intraclasts.

Gradational transition into silt from sand
containing and sand burrows.chondrites

Silty sandstones.

Core very broken/loose.
Intact pieces show; m/mps medium-fine
sands with subangular-rounded grains.

Some parts contain mtx supported deposits
with gravel/small pebbles clasts in a silty/fs
matrix.

Largely structureless medium sands but with
possible amalgamation surfaces.

14cm of sand (m-f) rubble with fractured
cemented silts at top.

Clast supported gravel/vsp with rounded-
subrounded clast and small pebble sized
intraclasts are folded round mud-rich
millimetrically layered siltstones in a
sheathfold. (11718-D1). Underlain by highly
chaotic mtx supported deposit of small
pebbles in silty sand matrix.

11718-D1

Faint x=lam in fining upward sand which
grades into very poorly sorted,chaotic
siltstones which are bioturbated or fluidised.

Mud-rich silt rubble. Fine sand layers grade
into poorly sorted siltstones with significant
bioturbation in silts of SFB and chondrites.

Deformed argillaceous loose sands
(injected?) into cm layers of siltstone which
are also deformed. Silstones typically mantle
sand topography in lower parts.

Thin difuse/whispy sands in mottled
siltstones.

Silty sandstones with large organic fragments
(3-5cm long) and organic rich layers. Bed
thicknesses greatly decrease to <1cm scale.
Chondrite rich muds overlie thin very thin
fluidised sandstones which internally have fs-
ms sized mud chips (or burrows?)

Organic rich sands becoming more organic
rich after initial coarsening up. Sand
flocculates when wet from silt/mud in ps
fractions, contains cs mud calsts and approx
1cm with large organic fragments with 1-5cm
in upper portion.
Organic layering in sands in 1178D2.
Sands v.organic rich.

11718-D2

to m-f/c at top. Grains are sub-rounded but
can be w-rounded-sub angular in coarser
portions.
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113

113.5

114

114.5

115

115.5

G4_PAL11:
114.1-
114.12

G4_PM5:
114.12-
114.24

Colour variation becomes less pronounced,
but is also accompanying by less pronounced
bioturbation with layering becoming stronger
through higher frequency of thin sand layers
and also increase in mud-content restricted to
‘swelling’ mud horizons ~1mm thin.

Thin sand layers typically underlain by very
intense sand/organic filled burrows.

Organic fragments change to be concentrated
to intra-silt horizons.

Thin sands have diffuse upper and lower .

Isolated organic fragments.

Thin sands (<1cm) contain white, broken shell
fragments.

Planar laminae of smectitic/swelling mud and
muddy siltstones.

mm-layering

mm-layering in mud-caps overlying sands.

Chondrites common in siltstones. Single 1-
2mm shell fragment.

Layering becomes faint with increased
bioturbation through transition of ghosting
layering and increased mottling of fabric.
Organic freagments common.

Chondrities, organic/sand filled burrows
common. Colour alteration weakens further
with layering becoming virtually non-existent.
Shell fragments in silt.

mm-scale shell fragments in silt?

centimetric scale layering returns with
decrease in mottling of fabric through
lowering BI.

Siltstones become increasingly mud-rich and
increasingly laminated on millimetric scale.

Brown grey siltstone with <1mm white
laminations [lower 11718-D1]

11718-D1

Fining upwards medium-fine sand with pl
lams at base overlain by 3cm ot tx
laminations and 6cm of structureless sand.
Some very fine sand layers in muddy
siltstone.

2
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116

116.5

117

117.5

118

118.5

Marked decrease in sand-rich facies with
return to moderately to heavily bioturbated
marlstones. Still with some occasional thin
(<1cm), diffuse sand horizons.

Well preserved white shell ~25mm wide.
Partially broken (by drilling? as pieces look
fairly intact). Lower part of shell is thicker than
upper. Gastropod?

Colour alteration highlighting layering below
becomes less distinct with increase in
bioturbation.

Colour variation (between cream and grey)
highlighting decametric layering returns.

High concentration of organic fragments, and
growing intensity of chondrites.

Thalassanoidies type burrows return.

Colour variation becomes less pronounced,
but is also accompanying by less pronounced
bioturbation with layering becoming stronger
through higher frequency of thin sand layers.

2
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119

119.5

120

120.5

121

121.5

122

G4_PAL12:
118.96-
118.97

G4_PAL13:
121.15-
121.13

fining up fine sand with central very hard horizon

Steep x-lam (25º) in upper part of fining up sand
also with small white clasts/burrow fills in upper
part?

Diffuse top to sand with oblate organic fragments

Interbedded thin (~1cm) sands with silts. Silts
generally burrowed by cross cutting mottling fabric
and chondrities. Possibily with minor rip-up mud
clasts (<cs in size). Silts sho alteration between
red/brown muddier silts and grey silts. Some
undisturbed <1mm mud-rich horizons.

Infrequent <1mm thick cream layers in silts.

Largely structureless sand showing slight fining
and sorting upwards, grains sub-angular to sub-
rounded.

Fluidised (?) silts with SFB and organic fragments
[10718-D1]. Some rare pale cream layers between
sands and silts, where cream layers are absent
sand-silt transition is diffuse.

Very diffuse transition into mud-cap on fine sand.

[10718-D2]:
Sequences of thin (1-1.5 cm) fine or very fine
sands showing wafering/biscuitng from planar
laminations in basal parts. Where thick/coarse
enoug can show a slight fining up through a
gradational contact into poorly sorted sandy
siltstones. Silts are often weakly bioturbated or no
biotubated at all. Silts are generally creamy/buff in
colour in their upper part with either a sharp or
gradationaltransition from grey silts. This upper
part may contain some SFB if it underlies a thicker
(>1cm) sand. Crem-Grey transiation may reverse
(i.e from grey to cream instead).

Very well developed cross lamination in this sands,
overlain by massive silt showing sand burrows at
top.

119.1



122.5

123

123.5

124

124.5

125

Silts moderately bioturbated with pale filled
chondrities and 2-73cm long sand/organic filled
burrows. Sands contains 1-1.5cm blebs of mud -
unsure if burrows or intraclasts.

Difficult ot tell if 1-2cm long mud blebs are clasts or
biot, (although overlying silts are laminated)
however boundaries are gradational and sometimes
appear ‘flamed’. could be secondaryChondrites
bioturbation?

>Core width clasts of mm-layered marlstone set
amongst a clast supported sandy gravel with layer
of vf sand at base.

Silts rich in and sand filled burrowschondrites
immediately underlying thin sands.

Slight decrease in bioturbation where sands are
thicker. Colour change to grey (less mud?).
Black/grey structureless sand with vcs-m pebble
mud clasts (sub-angular). Organic grains are much
more rounded than the sub-angular to sub-rounded
sand grains. Sands show faint pl. lam in upper
part.

Slightly fining up m-f sand showing faint planar
lamination in middle part and cross lamination in
upper 1-2cm, also showing colour change from
brown to grey. Immediately overlain by  thin (<1cm)
cream layer. Separating thicker, medium-coarse
fining upward sand with grey freint planar
lamination in middle portion.

Very faint cross lmination on back of core, with
layers of organic fragments.

Colour change over centimetric scale from grey to
brown upward.

Colour change in from brown to grey in planar
laminated sands with pale, silty sand filled burrows
in intervening silts. Colour variation is pervasive at
centrmetric scale throughout silts.

2
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125.5

126

126.5

127

127.5

128

SFB

Structureless, slightly fining up sand with ~2cm,
sub-angular mud/silt intraclasts approximately 1cm

Small chondrities and SFB underlying diffuse/whispy
sands.

Fining up otherwise structureless sand with some
organic (<0.5cm) fragments. Lower base may be
loaded or bioturbated?

Sharp transition into weakly bioturbated silts.

Silts vps, very weakly stratified due to bioturbation
with very diffuse sands and silts.Sharp transition into

Rubble generally sandy with one singular small
pebble.
Diffuse layering of organic fragments.

Mud clasts are in matrix of cs, localised in the first
4cm of bed with most being granule/small pebble
sized and moderately rounded.

Silt and sand filled burrows t/o poorly sorted silts .

Fairly bioturbated silts with wide burrows and lenses
of sediment (both silt and sand filled). Transitions
from sand pulses are often graded or diffuse.

Silt package shows uppertransition to grey colour
from pale brown. No bioturbation in brown, but
upper grey layer (1cm) is rich.chondrites

1-<1mm whitegrey lamination and pale chondrites at
top of fining up sand

Mm-layering preserved between dark grey muddy
silts and grey silts with whispy/diffuse bioturbated
sands with exception of xlam fine sand.

n.b, boundaries in this portion represent core
breaks, difficult to tell if genuine bed boundaries.

x-lmtd sands with slight colour variation. Fine sands
break into biscuits - pl. lmt?

Sand-silt couplets(?) with silts showing alteration
between pale brown and grey layers at sub-
centrimetric to centrimetric scale often well defined
with slightly higher bioturbation (with inchondrites
upper grey silts.)

Thin sands generally whispy/diffuse in weakly cm-
laminated silts.

Chondrites becomes stronger at tops of grey-brown
alternating silts.

Sand with organic fragments capped by
millimetrically layered mud with pale white layers.

Slightly discordant bedding/core break? (Possibly
intraclast?). ~cm-mm layering of green-brown muds
with limited bioturbation interlaminated with vf sands
and rich grey silts. [9718-D1]chondrites

9718-D1

6718-D1

6718-D2

6718-D3

Possibly DI? V mud-rich, apparently armoured sed.
clasts with some incohrent sands.

Thin, diffuse sands grade into richchondrites
grey/brown siltstone.

3
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128.5

129

129.5

130

130.5

131

G4_PAL14:
130.81-
130.83

Clast supported conglomerate with sand-rich matrix
of small-medium rounded-subangular pebbles

Whispy sandhorizons in ps siltstones capped by thin
clast supported gravelly conglomerate and pl lamtd
sands. Very hard layers - cemented?

Non-graded poorly sorted silty fine sands with
distinct sand-rich layers.
Bioturbated poorly sorted interbedded silts and
sands with coal fragments.

Muddy siltstones with well preserved layering and
decametric colour variation with some large (1cm)
pale (silt?) filled burrows and smaller sand/organic
filled burrows.

Rippled surfaces (or fractures?) in organic rich fine
and medium sands.

Sequence of interbedded fine-medium fining up or
massive sandssometimes with cross lamination
interbedded with silts. Silts are quite poorly sorted
with sand-graind, and are bioturbatred. Chondrities
is restricted to upper silts except where large
organic./sand filled burrows cross cut. Some single
pale-cream layers, occasionally disturbated by
weak bioturbation in parts.

Intervening silts show some colour variation
between grey and brown

Some faint layering in silts with .chondrites

Diffuse/whispy sand layers (0.5-1cm thick) with silt
burrows.

ps sandy siltstones with many 0.5cm sand filled and
mud filled burrows.

small (gravel sized) mud intraclasts

silty (f) sandstone rubble

sands become poorly sorted with more mud/silt
content.

Millimetric layered ps siltstones (fairly sandy with
burrows)

Thin (1-5cm) fine-m sands, generally massive but
with some granules/cs at tops.

Generally structureless sand showing fining up from
moderately sorted gravelly coarse sand to f-m sand.
Grains are sub angular-sub rounded with generally
pale grey/brown colour with minor carbonaceous
clasts.. Sand is very weakly cemented and shows a
basal erosional surface.. Core breaks (dashed lines)
possibly indicative of amalgamation surfaces?

Bioturbated silts with sand filled and pale, silt-rich
fillburrows with minor intervening diffuse sand
layers.

Structureless sand, moderately sorted slightly fining
up.

Grey/brown unbioturbated mud.

3
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131.5

132

132.5

133

133.5

134

Red/Grey alternation (where reds generally silt -
rich/better sorted than grey layers.)
V.fractured/biscuited core.
Brown/red layers (1-3mm) set amongst poorly
sorted, generally fine, sands.

Red/Grey alternation: type section description*

vps, mtx supported with gr/vs well-rounded pebble
clasts sparsely distributed. Also chaotic in structure
with w.rounded mud clasts.
Chondrites in silts. Minor sands are erosive with
pale-fill (silt) burrows. Core generally less fractured
in this portion compared to elsewhere.
0.5cm thick, ungraded sands which are possible
cemented.
Fine sands grading into ps siltstones.
Uppermost sand, is brown red in colour whilst
others are grey. Silts generally have small
chondrites restricted to upper part around ~5mm
thick sands. Lower part very fractured/biscuited
with many f.sands horizons and cream laminae.

Possibly amalgamated or two individual deposits:
Upper part: mtx supported, with clasts typically
small pebbles - v large pebbles which are angular
to sup rounded. Basal 5cm is vps, clast supported
with most rounded-sub angular clasts. Clasts are a
range of LST, lithic, sed (intra) qa and organic
clasts. Matrix in all is vps, mostly silt/vfs.

Core rubbely.

Som vfs filled burrows.
Sub-mm sweating clay horizons.
Alteration between black/dark grey and pale grey
in uppermost silt.

Mostly mtx supported (ps with fs matrix) with sub-
roudned to sub-angular clasts of small pebbles
and granules

Mud-rich siltstones with weak bioturbation and well
developed layering.

Basal 5cm is clast supported (?). Clasts are
typically LST but Phyllites are present. Largest
casts are well rounded (generally very large
pebbles). Gnerally normally graded but showing
greater matrix support upward with a poorly sorted
matrix comprising mud, silt and (up to coarse)
sands.

Clast supported deposit (break in core probably
not bed boundary?) fining up comprising roudned
LST pebbles with max 7cm sedimentary
intraclasts.Lower 10cm is Vps with 3cm intraclasts
mostly lithic and LST small pebbles typically
subangular to angular with smaller clasts being
more rounded.

Mixed muddy and pebble rich rubble.

Very fractured/broken core but apparently fine
sandstones, showing very faint planar lamination.

Mud-rich rubble, fairly chaotic/deformed with
occasional pebbles.

Mud-rich siltstones with occasional sands which
show abrupt fining up structures. Significant
bioturbation but layering preserved.

Whispy/disturbed silts at top with sand-filled
burrows. Chondrites at base of silts.

Clast sptd with mud/silt matrix. Clasts are
subangular-subrounded, mostly LST..

Increase in sand/silt burrows (intensity and size) in
interb’d fines sands and ps silts.
Increase in sand/silt burrows (intensity and size) in
interb’d fines sands and ps silts.
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134.5

135

135.5

136

136.5

137

137.5

G4_PM6:
136.47
-136.63

G4_PAL15:
136.45
-136.47

Very well cemented deposit with rounded
LST, Phyl. and sed. clasts with maximum
grain size of very large pebbles. Variable
matrix/clast support.

Rubble section mostly consisting of well
rounded, medium-large pebbles and medium
pebble mud intraclasts.

Clast supported, with rounded sub-angular
clasts of LST, Phyl. and sed. ranging from
very coarse sand/gravel to small pebbles.

Fractured, poorly sorted siltstones.

Well developed layering in muddy siltstones,
with fine sand layers showing slight
bioturbation.

Bioturbation increases with significant
burrows from sand horizons.

Some f-m sand grains, marking parallel
laminations in siltstones. Core very friable.

Sands are poorly sorted with <cs intra-clasts
of mud. Parallel laminated silts show very
sharp upper contact.

Colour variation (dark grey-pale gre/brown_
picks out layering. Thin (1mm-3mm) sands
which are diffuse and whispy are typically
poorly sorted with angular-sr grains. Thicker
sands show similar grains, however with rare
v.rounded green grains with ornamentation
(large forams?)

Whispy sand layers
Chondrites common in silt layers.
Many small PFFRs

Thin (1cm) sand, possibly fines up. 1mm
mud cap with fairly diffused graded upper
boundary.

Core broken and poorly ordered.

Mud filled burrows immediately below
millimetric layered muds and silts.

Some v.mud rich horizons. Muds swell when
wet (smectitic?)

Gradational colour changes with better
defined sands (at their base, but with whispy
tops).
Well defined millimetric mud laminae with
single cream coloured lamination.
mm-laminated ps silts and swelling muds
with intervening vps and whispy/disturbed
sands.
Burrows become larger upward prior to sand.

Grey siltstone with black (organic fragments)

3
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138

138.5

139

139.5

140

140.5

142.0-140.5

Core generally rubble - mostly
marlstones/muddy siltstones with occasional
sands.

138.5-140.0

Rubble/fractured core as below with
continued thin sands in marlstones/muddy
silstones. Fracture density generally
increased compared to lower.

3
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141

141.5

142

142.5

143

143.5

Core becomes fractured/rubble.

Core very broken/fractured. Intact pieces are
often bound by greenish, glassy slip surfaces
and some very hard/cemented clasts.

141.7-142m

Large section of mod-highly fractured
marlstones. Larger pieces appear similar to
the FM1 muddy siltstones below although
scales of observations are difficult for
laminations.

Some broken pieces show the continued
formation of sand/organic-rich filled burrows
with whispy, biturbated sand layers.

Fractures are probably a mixture of
geological and DI. Some broken pieces are
very hard and cemented.
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144

144.5

145

145.5

146

146.5

G4_PM7:
144.20-
144.37

G4_PAL16:
144.37-
144.4

Layering becomes more prominent

Decametric colour alternation between
darker grey and pale brown.

Banding becomes stronger.
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147

147.5

148

148.5

149

149.5

Sand/organic filled burrows become common

Colour variation between dark grey and pale
grey at decametric scale apparent

Colour variation/layering becomes more
ghosting with significant mottling from
bioturbation.

Sand filled burrows present with rare
preservation of sand layers

Sand layers become better preserved/thicker
but still heavily bioturbated and quite
‘whispy’.

Harder siltstone (cemented?) with significant
amount of organic flecks (typically <1mm)

Increase in dark-filled burrows

Layering becomes very weak with significant
bioturbation. Howeer apparent reduction in
Thalassanoides type burrows. Colour
variation much more gradational/less distinct.
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150

150.5

151

151.5

152

152.5

153

G4_PAL17:
150.66-
150.69

Still bi t b t d b t illi t i l i i

Core becomes quite fractured.

Black (organic) flecks common, with some
small pyrite (?) crstals on outer edges.
Sand dispersed through bioturbation.

Thin mud layers (1-2mm) with mud-filled
burrows accompyianing.

Several dark grey/black layers with silty
sands (f-m) typically with high concentration
of <1mm black (organic?) fragments.

Diffuse sand layers dispersed by bioturbation

Horizontally branching burrows with pale-
coloured fill and black coloured fill. 1-3mm
wide, Thalassanoides?

Large charcoal fragments, black with red
halos ~1cm-0.5cm

Significant decrease in biot. with only rare
chondrites.

Transition into more bioturbated muddy
siltstones.

Layering becomes feint as bioturbation
increases with generally mottled texture.

Diffuse sandy layers in fairly faint laminated
muddy siltstones.

Faint layering, mostly picked out by diffuse
fine sand horizons with the exception of two
poorly sorted m-c sand horizons with
angular-sub-rounded black (organic?)
fragments

3
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153.5

154

154.5

155

155.5

156

Fracturing becomes less pervasive, but
layering still fairly poor as BI remains high.

Vertical nematode traces

Vertical nematode traces

Organic fragments: appear charred?

Sand/organic filled burrows (1-4mm) common
through. Chondrites common and
comparitvely large compared to previous (1-
2mm).

Ghosted layering at millimetric and
centrimetric scale, with colour alteration
between grey and red picking out layering
moderately.

Ghosted layering at millimetric and
centrimetric scale, with colour alteration
between grey and red picking out layering
moderately.

Lamination (mm-scale) slightly better
preserved but still largely
disturbed/bioturbated.

<1cm charcoal fragments

Still bioturbated but millimetric layering is
preserved between cream dn grey silty
mudstones with some v.dark grey mud-rich
horizons.
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156.5

157

157.5

158

158.5

159

G4_PM8:
158.63-
158.77

G4_PAL18:
158.77-
158.79

Highly bioturbated pale brown/grey muddy
siltstones. Frequent dark grey/black organic
fragments/organic filled burrows. Layering
virtually non-existent except where picked out
by horizontal burrows and occasionally co-
linear large organic fragments. Chondrities
generally absent (or reworked by larger
burrow forms/mottling).

Pale brown grey, mudstones and mud-rich
siltstones. Very feint layering picked oput by
organic fragments. Sand layers generally
absent unlike lower sections. Chondrites very
rare and where seen generally very small
compared to lower, larger examples (<<1mm)
associated with intervals containing sands.

Pale brown grey, mudstones and mud-rich
siltstones. Very feint layering picked oput by
organic fragments. Sand layers generally
absent unlike lower sections. Chondrites very
rare and where seen generally very small
compared to lower, larger examples (<<1mm)
associated with intervals containing sands.

Pale brown/grey muddy siltstones. Chondrites
very rare with layering only picked out by
organic fragments and planolites/horizontal
burrows rather than sedimentary changes.

Layering becomes slightly more apparent from
darker (more mud-rich) horizons.

Highly fractured core.

Narrow (2-7mm) band with internally angular
clasts - minor fault breccia/cataclasis.

Numerous small deformation bands (probably
PFFRs/hybrid?)

Chondrites returns/becomes more significant.
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159.5

160

160.5

161

161.5

162

Sub-millimetric rippled muddy stilts, separated
by mud. Mostly dark grey when wet, with
occasional v thin (<0.5mm) chondrites.
Alternating <1mm laminae of pale grey and
dark grey muds on lap a matrix supported

Interconnected burrows with dark/organic rich
fill.  Mud-rich layers show poor preservation.
‘Whispy’/disrupted medium sands can be
linked to burrows in parts. Muddy siltstones
are poorly sorted with medium sand grains
common.

Layering becomes better preserved with
thicker sands.

BI fluctuates with layering becoming disturbed.

BI decreases with return of layering.

Weak layering, mainly picked out by colour
alteration at decametric between brown grey
and pale grey with some highly fluidized
darker, mud-rich layers with 1-5 mm
organic/black filled burrows.

Highly fractured.

Small influx of medium sand horizons. Most
are moderately bioturbated with sand filled
burrows extending into intervening siltstones.

4
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162.5

163

163.5

164

164.5

165

G4_PAL19:
163.8-
163.82

Darker layers w/2-3cmm long burrows with
typically pale (muddy silt) fill. Siltstones are
poorly sorted with dispersed fine sandd grains
from ‘whispy’/bioturbated sand-rich layers.

dark grey muds on lap a matrix supported
deposit of with a fine sand matrix and coarse
sand/gravel clasts and organic fragments.

Broken core with many discrete, glassy slip
surfaces. Intact faces show microfaults and

Highly fractured with well developed fault
breccias.

Fractured, intact blocks show significant
bioturbation.

Thin, black/dark grey layers occasionally
show rare, sparse medium sand grains.

2-3cm beds of bioturbated silty mudstones
with 5mm thick v.dark <1mm pale ‘blebs’.

Fractures with very well preserved slip
surfaces. Although not sure if DI.

Fairly homogenised by bioturbation.

Large tabular plant/organic fragments
(3cmx0.3-0.5cm).

Dark material and sand-filled sub-horizontal
burrows.

Generally rich in organic fragments (<1mm-
0.5cm) and organic filled burrows. Typically
fairly dispersed but can be localised onto
horizons.

Dark brown/grey with millimetric chondrities
and planolites. Very rich in organic fragments
in silstones. Thin (0.5cm-2cm) sandstones are
rich in organic grains and some very angular
white coarse sand clasts and grey/black lithic
clasts.

Angular ws/wms sands with black (lithic and
wood) fragments <1mm-2mm
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165.5

166

166.5

167

167.5

168

168.5
Horizontal burrows highlight layering which is
otherwise poorly preserved/broken by vertical

Black/dark fill in burrows continues

Some isolated, angular pale fragments -
‘explosive fluidisation’? fracturing? larger
scale biot.?

Transition back to preserved layering at
decimetric/centrimetric scale. Chondrites
more easily observed.

Decimetric colour variation between pale
brown/grey and dark grey/green.

4
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169

169.5

170

170.5

171

171.5

G4_PM9:
170.96-
171.09

G4_PAL20:
171.04
171.11

PM9: 171.02-171.12
PAL20: 171.09-171.11

Submillimetric lamination, with very small
rippled/disturbed tops.

Core breaks show fine sands, rich in organic
materaial

Bioturbation slightly reduced (restricted to
Chondrities and some undisturbed horizontal
burrows) with more preservation of layering.

Common sand horizons with <1mm organic
flecks.

Undulose top with dark grey and well defined
laminations <0.5cm. Pale brown isolated
‘blebs’ <1cm .

Slight variations in BI but generally becoming
very mottled.

Slight variations in BI but generally becoming
very mottled.

Lots of undulose/disturbed bedding/lamination

V.angular lithic and carbonate granules on
erosive base

Colour alteration that previously picked out
layering becomes less distinct

Significant increase in chrondrites

Layering becomes very weak/disturbed

Millimetric chondrites dominates with 1cm
long, 1mm thick black flecks (burrow fill?
organic fragments?

Decimetric to centrimetric layering returns

Some mottling of fabric, with significant
chondrites and organic flecks

otherwise poorly preserved/broken by vertical
burrows
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TD 172
Weak colour variation from v.dark grey to
red/brown grey at centimetre scale

Some sand lenses (1-2mm thick)

Fluidized sand horizons

materaial.

Depth markers

Core run breaks
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