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Abstract 

Submarine fans are the largest sediment accumulations on Earth and form valuable 

archives for paleoclimatic and paleogeographic reconstructions. Sand-rich lobes are a 

major fan component, recording erosion and transport of clastic sediments from terrestrial 

highs to deep-marine lows. Submarine lobe evolution and architecture are inherently 

linked to complex interactions between sediment gravity flow processes and the evolving 

physiography of continental slopes, which induces complex facies transitions and pinch-

out styles. In the subsurface, predictions of the pinch-out character at bed- to lobe-scale 

are limited by the resolution of seismic reflection data and sparse borehole coverage. To 

bridge the resolution gap, this thesis presents three field-based studies of exceptionally 

well-exposed examples of intraslope lobes associated with submarine landslide deposits 

(frontal lobes from the Neuquén Basin, Argentina, and crevasse lobe Aínsa Basin, Spain) 

and develops new models for submarine lobes developed above inherited tectonic and 

depositional relief and compares the impact of variable degree of confinement in each 

system. 

The main outcomes and novelty of this thesis are 1) the relief along the upper surfaces of 

submarine landslides can be hierarchical and highly dynamic, which influences the 

behaviour of gravity flows in more complex ways than simple passive healing of 

topography; 2) seafloor relief can be rejuvenated progressively due to compaction-driven 

deformation, or more abruptly due to catastrophic mass failures, which is recorded by the 

architecture and stacking patterns of lobes; and 3) intraslope lobes can be dominated by 

transitional flow deposits where immature routing pathways and clay-rich and poorly-

consolidated substrates are present, such as in post-rift settings. Therefore, this thesis 

highlights the inherent complexity of sedimentary processes along unstable slopes, which 

demonstrably impacted the nature of the investigated lobes.  
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1. Deep-water systems 

In this chapter, I will review some of the main processes and products of deep-marine 

sedimentary environments to provide context for the following chapters. 

1.1. Introduction 

The deep oceans host the largest sediment accumulations on Earth (Figure 1.1; 

Shanmugam and Moiola, 1988; Curray et al., 2002; Talling et al., 2015) and are also the 

least understood of all sedimentary environments (Nichols, 2009). The term 'deep-water' 

refers to bathyal environments below the storm wave base, where the direct effect of 

waves and tides are absent (Figure 1.2). Sediment is transported from shallow- to deep-

water areas due to gravity and the density difference between the ambient water and the 

mixture of fluid and solid particles (Middleton and Hampton, 1973; Kneller and Buckee, 

2000). 

 

Figure 1.1. Stylised map of the deep-sea fans (in yellow) and river drainages (in green). 

A, Amazon; AT, Astoria–Tufts fans; B, Bengal; BT, Bounty; C, Congo; CB, California 

borderland fans; I, Indus; M, Monterey; MS, Mississippi; S, Surveyor; V, Var; VC, 

Veracruz (Hessler and Fildani, 2019). 
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Deep-water sedimentary systems have received attention over the last few decades 

because they can store large reserves of oil and gas (Stow, 1985; Marchand et al., 2002). 

Despite this interest or because of, the nomenclature and classification of gravity flows 

and their related deposits have been controversial (Hiscott, 1995; Sohn, 1995; 

Shanmugam, 1996). Several contributions aimed to clarify the subaqueous gravity flow 

by reviewing the current flow process knowledge and classifying them based on flow 

rheology (Dott, 1963), morphodynamics (Kneller, 1995; Kneller and Branney, 1995; 

Kneller and Buckee, 2000), particle support and deposition mechanism (Middleton and 

Hampton, 1973; Lowe, 1982; Mulder and Alexander, 2001) and their deposits (Lowe, 

1982; Talling et al., 2012).  

 

Figure 1.2. Cartoon illustrating the source-to-sink system. Note the development of a 

deep-sea fan where the shelf is narrowest (Hessler and Fildani, 2019). 

 

In outcrop and core studies, deposit-based classification is used due to the limited 

availability of key parameters for the characterisation of sediment gravity flows, such as 

flow state, concentration, grain size, support mechanism and flow velocity. This 

information is only available in laboratory experiments (e.g. Al Ja'Aidi et al., 2004; Baas, 

2004; Sumner et al., 2008; Sequeiros et al., 2009; Baas et al., 2011; Ferguson et al., 2020), 
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in numerical modelling studies (Felix, 2001; Cartigny et al., 2011) and active monitoring 

of modern systems (Azpiroz-Zabala et al., 2017; Paull et al., 2018; Heijnen et al., 2022; 

Pope et al., 2022). Parameters such as density, velocity, flow height, grain size and grain 

type govern the flow processes and impact the deposition of the transported sediments. 

The interplay between those variables is commonly evaluated by non-dimensional 

parameters such as Reynolds (Re) and densiometric Froude (Frd) numbers. Reynolds 

number refers to the ratio between inertial and viscous forces, 

Re =
(ρc Ū d)

μs
=

(Ūd)

v′
 

where ρc is the mean current density, Ū refers to depth-averaged current velocity, d is the 

flow thickness, µs is the apparent viscosity of the clay-free dispersion and v' is the 

kinematic viscosity (Kneller and Buckee, 2000). Flows with Re > 1500-2000 are 

associated with turbulent states, while lower values are associated with a laminar state 

(Simpson, 1999). Therefore, flow turbulence increases with density, velocity and 

thickness, while viscosity reduces it.  

 

Another determining parameter in flow dynamics is the flow criticality, quantified by the 

densiometric Froude number (Frd). Froude number is the ratio of inertial and gravitational 

forces, 

Frd =  
Ū

√
ρc − ρ

ρ  g d

 

where Ū is depth-averaged current velocity, ρc is the mean current density, ρ is the 

ambient fluid density, g acceleration due to gravity, and d is flow thickness. Flows with 

a Froude number higher than 1 are termed supercritical, whereas those with values lower 
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than 1 are subcritical (Figure 1.3). In contrast to subcritical flows, supercritical flows are 

characterised by higher flow velocities than wave propagation speed. The transition from 

supercritical to subcritical is characterised by the development of a bore termed hydraulic 

jump (Frd =1) (Figure 1.3; García, 1993; Postma et al., 2009). Hydraulic jumps are 

commonly developed due to flow deceleration (reduction in slope gradient or intrabasinal 

relief) (Figure 1.3 and Figure 1.4; e.g. Dorrell et al., 2016) and can be stationary over a 

certain period or migrate upstream (Edwards, 1993; Kneller and Buckee, 2000). 

 

Figure 1.3. Flume tank experiment showing a scour at the base of a slope. The view height 

is about 0.4 m (cm-scale at the bottom). The progressively negative slope eventually 

forced the flow through the jump (Postma et al., 2009). 

 

 

Figure 1.4. Sketch of hydraulic jumps and their behaviour in different environments, 

including (a) open channel flow; (b) cyclic steps; (c) stratified subaqueous flow (Dorrell 

et al., 2016). 
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1.2. Sediment gravity flows 

1.2.1. Turbulent flows 

The gravity-driven subaqueous mixtures of sediment and fluids where the sediment is 

maintained in suspension due to the flow turbulence are named turbidity currents (Lowe, 

1982). When the sediment concentration is low, the sediments can be entirely supported 

by fluid turbulence; whilst in flows with higher concentrations, dispersive pressures from 

grain-to-grain interactions near the base represent an additional particle support 

mechanism (Bagnold, 1962; Lowe, 1982). Based on the different concentrations and 

subsequent flow behaviour, turbidity currents are commonly subdivided into low- and 

high-density turbidity currents (Lowe, 1982). The geometry of the density profile is 

highly dependent on the flow's sediment concentration (Figure 1.5a). Low-density 

turbidity currents show a logarithmic curve that decreases its value from base to top 

(Figure 1.5b; e.g. Altinakar et al., 1996). On the other hand, high-density turbidity 

currents show a stepped density profile of the coarser particles indicative of flow 

stratification (Figure 1.5c), while fines (clay and silt) are homogeneous from base to top 

in both types of turbidity current (Figure 1.5d; Garcia, 1994; Kneller and Buckee, 2000).  

 

However, in nature, turbidity currents comprise a continuum of sediment concentrations 

and establishing the concentration/density threshold between sediment gravity flows is 

not straightforward because monitoring them in modern systems is difficult (Azpiroz-

Zabala et al., 2017; Paull et al., 2018; Heijnen et al., 2022; Pope et al., 2022), and 

experiments based on physical modelling suggested different values. In Kuenen (1966), 

the distinction between low- and high-density flows was set at a density value of 

1.1g/cm3. Middleton and Hampton (1973) show that low-density turbidity currents have 

a density value between 1.03 g/cm3 and 1.2 g/cm3, whereas high-density flows have a 
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density range of 1.5-2.4 g/cm3. Bagnold (1962) proposed that in sediment concentrations 

below 9% (concentration of solids by volume), the grains are fully supported by fluid 

turbulence, whereas in higher concentrations, grain-to-grain interactions become more 

frequent (Lowe, 1982).  

 

Figure 1.5. Schematic plots of characteristic density/concentration profiles (dashed lines) 

and downstream velocity profiles (solid lines). (a) A two-layer model type concentration 

profile, dividing the flow into a constant density lower region (the current) and an upper 

region of fluid detrained from the head (Britter and Simpson, 1978; Simpson and Britter, 

1979; Middleton, 1993). (b) Low-concentration, weakly depositional flow showing a 

smooth profile (e.g. Garcia, 1994; Altinakar et al., 1996) (c) High concentration and 

erosional flow showing a stepped concentration profile (García, 1993). (d) Distribution 

of sediment grain sizes observed in turbidity currents (e.g. Garcia, 1994). Note the 

difference between coarse material, concentrated at the lower part of the flow, whereas 

the finer fraction is homogeneously distributed throughout the vertical profile of the flow 

(Kneller and Buckee, 2000). 

 

The anatomy of turbidity currents is commonly subdivided longitudinally into three 

different regions: head, body and tail (Middleton, 1993). The head is the frontal and most 

unsteady part of the turbidity current, which comprises the highest velocities (Middleton, 

1966a; Simpson and Britter, 1979; Kneller et al., 1997). The head is followed by the body 

and the tail, where the flow is more steady, less concentrated and velocity decreases 

(Kneller and Buckee, 2000; Pope et al., 2022). The head comprises a lower and denser 

region juxtaposed by the upper more dilute region (Middleton, 1993), also known as wall 

and jet regions (Altinakar et al., 1996). While the basal shear induces erosion and 



Chapter 1: Deep-water systems 

31 

 

entrainment of substrate material (Peakall et al., 2020; Baas et al., 2021), the upper shear 

is linked to ambient water entrainment (Simpson, 1969; Allen, 1971). The boundary 

between these two regions is defined by the maximum velocity of the flow, which 

increases upwards from the base in the wall region (positive velocity gradient) and 

decreases in the jet region (negative velocity gradient) (Altinakar et al., 1996). The 

geometry of the head depends on the vertical velocity profile. The maximum shear stress 

is developed at the base of the wall region and the top jet region, whereas it is lowest near 

the velocity maximum ('nose of the flow'; Kneller et al., 1999). The drag forces developed 

at the basal and upper boundaries control the height of the velocity maximum (Middleton, 

1966b; Kneller et al., 1997), which is commonly located near the base at 0.2-0.3 of the 

flow thickness (Altinakar et al., 1996; Kneller et al., 1999). However, the velocity 

maximum can be modified depending on the substrate configuration. Rougher substrates 

will increase the basal friction elevating the nose and entraining more ambient water at 

the base (Kneller et al., 1999), while abrupt reduction of seafloor gradients can promote 

the lowering of the velocity maximum, enhancing the erosion and substrate entrainment 

(Pohl et al., 2019). Physical modelling (sensu Sequeiros et al., 2009, 2018) and modern 

systems (Azpiroz-Zabala et al., 2017; Paull et al., 2018; Pope et al., 2022) have recognised 

'self-accelerating' flow cells at the head of turbidity currents due to substrate entrainment, 

creating a positive feedback mechanism.  

 

Turbidity currents show velocity variation through time (Figure 1.6a; Kneller and 

Branney, 1995) and space (Figure 1.6b; Kneller, 1995), producing different vertical and 

lateral variations in their deposits. Temporal fluctuations in flow velocity are related to 

unsteady flows, where the acceleration phase is referred to as 'waxing' and the 

deceleration phase as 'waning' (Figure 1.6a; Kneller and Branney, 1995). In contrast, a 
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flow that does not show significant temporal fluctuations in velocity is referred to as a 

steady flow (Figure 1.6a; Kneller and Branney, 1995). A flow showing spatial velocity 

fluctuations is referred to as 'non-uniform', characterised by acceleration 'accumulative' 

phase and deceleration 'depletive' phase (Figure 1.6b; Kneller, 1995). Flows that show 

constant velocities in space are uniform (Figure 1.6b; Kneller, 1995).  

 

Figure 1.6. Definition sketches for sediment gravity flow showing: (a) flow steadiness 

(waxing/waning) and unsteadiness (Kneller and Branney, 1995) and (b) flow uniformity 

(accumulative/depletive) and non-uniformity, where u is flow velocity, t is time, and x is 

space (Kneller, 1995). 

 

Although turbidity currents are unsteady in nature, several studies in modern systems 

have documented that flow velocity can remain constant over hours (Piper et al., 1988) 

to several days (Azpiroz-Zabala et al., 2017). Unsteady and relatively short-lived turbidity 

currents (seconds to minutes) are known as surges (Figure 1.7A). In contrast, long-lived 

gravity flows (hours to days) are termed quasi-steady or sustained flows, (Figure 1.7B; 

Hughes-Clarke et al., 1990; Kneller, 1995; Kneller and Branney, 1995).  
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Figure 1.7. Structure of turbidity current in (A) laboratory experiments (surge-like) and 

(B) in the Congo Canyon (sustained flow) (Azpiroz-Zabala et al., 2017). 

 

1.2.2. Laminar flows 

Gravity-driven laminar mixtures of sediment where sediments are transported by matrix 

strength, excess pore pressure and grain-to-grain interactions (Iverson, 1997; Mulder and 

Alexander, 2001) are known as debris flows (Figure 1.8; Middleton and Hampton, 1973; 

Nardin et al., 1979). When the yield strength of the debris flow and friction with the 

substrate is greater than the shear stress (driving stress; Hampton, 1975), the flow freezes, 

depositing its sediment en masse (Nardin et al., 1979; Talling et al., 2012) with the deposit 

lacking grain size segregation (Mulder and Alexander, 2001). 
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Debris flows can be subdivided according to their mud content due to the impact of the 

clay proportion on flow behaviour (Hampton, 1975; Baas and Best, 2002; Felix and 

Peakall, 2006; Baas et al., 2009; Iverson et al., 2010). Increasing clay-concentration 

promotes the development of flocs due to the electrostatic forces of clay minerals (Van 

der Waals forces; Winterwerp and Van Kesteren, 2004) and induces 'gelling' of the 

gravity flow, suppressing turbulence of the parental flow (Felix & Peakall, 2002; Baas et 

al., 2009 and references therein)(Baas et al., 2009). The type of clay is also a determining 

parameter due to the different cohesive properties of variable clay minerals (Marr et al., 

2001; Baas et al., 2016; Baker et al., 2017). In contrast, increasing shear stresses along 

the basal and upper interface of debris flows can promote the disaggregation of the bonds 

formed between the clay minerals resulting in turbulence generation and water 

entrainment (Marr et al., 2001; Fallgatter et al., 2017). 

 

Figure 1.8. Classification of subaqueous sediment gravity flows according to sediment 

support mechanism and their deposits (Middleton and Hampton, 1973). 
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However, not all laminar flows deposited en masse are related to cohesive debris flows, 

as proposed by Mulder and Alexander (2001). They refer to 'hyperconcentrated density 

flows': mud-poor laminar flows where the concentrations are elevated enough that the 

particle support mechanism is driven by excess pore pressure and grain-to-grain 

interactions rather than turbulence or matrix strength. The pore pressure rapidly dissipates 

upwards due to the low clay amount (Talling et al., 2012). This dissipation results in low 

flow efficiency and flows depositing the sediments en masse via frictional freezing rather 

than cohesive freezing of mud-rich debris flows (Mulder and Alexander, 2001). 

 

1.2.3. Transitional flows 

In nature, there is a continuum spectrum in subaqueous sediment gravity flows, and their 

state is not fully turbulent or laminar (Baas and Best, 2002). These flows are termed 

transitional flows (Haughton et al., 2003; Baas et al., 2009; Kane and Pontén, 2012). This 

thesis refers as transitional to the flows with intermediate in properties (between turbulent 

or laminar) rather than representing a transition from laminar to turbulent and viceversa. 

Each flow transformation is produced by distinctive mechanisms responsible for 

rheological changes. Transformation of debris flows into transitional flows, or turbidity 

currents are likely to occur by entrainment of fluid and/or flow acceleration (Marr et al., 

2001; Talling et al., 2002). In contrast, the transformation of turbidity currents into 

transitional flows is likely to occur due to increasing clay concentration, reduction in flow 

velocity or both (Kane et al., 2017). 

 

Given the wide spectrum of flow behaviours that can be developed from fully turbulent 

to fully laminar, Baas et al. (2009) subdivided transitional flows according to the flow 
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stability phase (Figure 1.9): turbulence-enhanced transitional flows (TETFs), lower 

transitional plug flows (LTPFs), upper transitional plug flows (UTPFs) and quasi-laminar 

plug flows (QLPFs). Turbulence-enhanced transitional flows (TETFs) show turbulence 

along their entire vertical profile, being more intense at the base due to the greater shear 

stresses (Figure 1.9; Baas et al., 2009, 2011). Lower (LTPFs) and upper transitional plug 

flows (UTPFs) are characterised by a strong flow stratification and two-phase flow 

behaviour. In lower transitional plug flows (LTPFs), the intensity of the turbulence at the 

base is similar to TETFs, although it is rapidly dissipated, developing a laminar upper 

division (Figure 1.9; Baas et al., 2009, 2011). Upper transitional plug flows (UTPF) show 

lower turbulence intensity than in TETFs and LTPFs as a result of increasing cohesive 

forces (viscosity and yield strength), promoting thicker upper laminar division, which is 

propagated downwards (Figure 1.9; Baas et al., 2009, 2011). With even higher clay 

concentrations, the flow suppresses its turbulence forming a gel across most of the flow, 

with thin and weakened turbulence just over the base. These flows are named quasi-

laminar plug flows (QLPFs) (Figure 1.9; Baas et al., 2009, 2011).  

 

Figure 1.9. Phase diagram and schematic models (Baas et al., 2009) for different kaolinite 

concentrations. Arrows show two trajectories producing a hybrid event bed (Sumner et 

al., 2009). 
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1.3. Sediment gravity flow deposits 

Deposit-based classification is used in outcrop and core studies given the limited 

availability of primary parameters such as flow state, density, support mechanism, 

concentration, grain size, and flow velocity. Deposits are often classified according to 

their texture, thickness, grain size (and their variations), sorting, matrix content and 

sedimentary structures. Based on outcrop and core description, deposits formed in deep-

water environments under gravity-driven flows are broadly subdivided into low-density 

turbidites, high-density turbidites, debrites and transitional flow deposits. 

 

1.3.1. Low-density turbidites 

Low-density turbidity currents are sediment gravity flows of low concentration (< 9% 

sediment; Bagnold, 1962) where the sediments are maintained uniquely in suspension by 

fluid turbulence through the entire vertical profile (Figure 1.10; Lowe, 1982; Mulder and 

Alexander, 2001; Baas et al., 2009; Talling et al., 2012). When the low-density turbidity 

currents decelerate (wane), the sediments are deposited according to their settling 

velocities under slow aggradation rates, producing incremental layer-by-layer deposition 

(Figure 1.10; Sumner et al., 2008). Sediments with higher settling velocities 

(coarsest/densest sediment) are deposited first, while the finer fractions bypass downdip 

(Stevenson et al., 2015). This grain size segregation and differential deposition are 

recorded by fining of the low-density turbidites from proximal to distal areas (Lowe, 

1982).  

 

Low-density turbidites can show heterogeneous structuration (Figure 1.10), often 

subdivided into divisions, known as the Bouma sequence (Bouma, 1962). From the base 
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to the top, these divisions are planar-laminated sandstone (TB), ripple cross- and 

convolute-laminated sandstone (TC), planar-laminated (TD) and structureless mudstone 

(TE). The juxtaposition of these divisions records the waning of turbidity currents by 

upwards decreasing grain size, better sorting and tractional bedforms associated with low 

velocities (Southard and Boguchwal, 1990; Sumner et al., 2008). However, planar 

laminated (TB) divisions are also formed in high-density turbidites, and their deposition 

is linked to high-aggradation rates under high concentration flows (Lowe, 1982). Talling 

et al. (2012) propose that the boundary between low- and high-density turbidites lie on 

the planar laminated interval (TB) (Figure 1.10). Ripple cross-laminated sand (TC) is 

formed from fully turbulent and low-density turbidity currents with low aggradation rates 

(Allen, 1982a; Southard, 1991; Jobe et al., 2012). TC division shows a range of different 

ripples indicating variable sedimentation rates. Starved ripples indicate very low-

aggradation rates and reworking from fine-grained turbidity currents (Talling et al., 2007) 

while climbing ripples indicate higher sediment fallout rates (Jobe et al., 2012). Locally 

ripples in TC divisions can be replaced by convolute lamination, which indicates high 

aggradation rates and dewatering (Tinterri et al., 2016 and references therein). TD and TE 

overlie Tc division and record low sedimentation rates from dilute flows (Allen, 1982a; 

Talling et al., 2012). However, division can also be repeated indicating velocity 

fluctuation and/or interaction with topography (Pickering & Hiscott, 1989; Jobe et al., 

2012) 

 

1.3.2. High-density turbidites 

High-density turbidity currents are characterised by two-phase flow behaviour (Kuenen, 

1951), and their deposits are named high-density turbidites (Figure 1.10; Lowe, 1982). 

The basal layer is denser (Azpiroz-Zabala et al., 2017; Pope et al., 2022), and the grain 
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support mechanism results predominantly from grain-to-grain interactions, in contrast to 

the overlying more dilute division, in which the grains are mainly supported by fluid 

turbulence (Figure 1.10; Lowe, 1982). High-density turbidites are formed by incremental 

layer-by-layer deposition (Kneller and Branney, 1995) but with higher aggradation rates 

than low-density turbidites (Sumner et al., 2008). The formation of tractional structures 

such as ripples, dunes or planar laminations can be inhibited at high vertical fallout rates 

(Sumner et al., 2008), inducing the deposition of massive sandstones (Lowe, 1982, 1988; 

Kneller and Branney, 1995; Baas, 2004; Talling et al., 2012).  

 

Figure 1.10. Summary of subaqueous turbulent flows' transport mechanism and 

respective deposits (Talling et al., 2012). 

 

Several mechanisms and gravity flows can result in the formation of massive clean 

sandstone TA which has been a challenge to reconcile for geologists. Kneller and Branney 

(1995) proposed that massive sandstone can be formed due to sand aggradation due to 



Chapter 1: Deep-water systems 

40 

 

hindered settling at the flow boundary beneath a sustained (quasi-)steady and 

concentrated gravity flow. This mechanism implies massive sands evolving down-dip 

into planar laminated deposits. In contrast, Shanmugam and Moiola (1995) and 

Shanmugam (1996) propose that massive sandstones should be interpreted as "sandy 

debris flow" due to the abrupt down-dip pinch-out of sandstone deposited from flows 

with a laminar state. Talling et al. (2012) reinterpreted the 'sandy debrites' of Shanmugam 

and Moiola (1995) and Shanmugam (1996) and attributed their formation to sustained 

high-density turbidites due to the 'subtle but distinct grading'. Mulder and Alexander 

(2001) differentiate cohesionless debris flows from high-density turbidity currents by 

classifying them as hyperconcentrated and concentrated gravity flows. These authors 

agree that hyperconcentrated flows comprise a laminar state and that deposition occurs 

en masse without any gran size segregation. On the other hand, sediments in concentrated 

flows are transported by a combination of grain-to-grain interactions and flow turbulence, 

resulting in an incremental layer-by-layer deposition. The main difference between these 

two flow processes is their driving mechanism: debris flows (or hyperconcentrated flows) 

are driven by their own weight in a downslope sense, whereas the near-bed laminar layer 

of high-density turbidity currents (or concentrated flows) is driven by the overriding more 

dilute division (Mulder and Alexander, 2001; Talling et al., 2012). Talling et al. (2012) 

differentiated the planar-laminated interval into TB-1, TB-2 and TB-3 (Figure 1.10). TB-1 

overlies TA and is associated with low-amplitude bedload waves formed in low-density 

turbidity currents (Best and Bridge, 1992), while TB-2 and TB-3 are linked to rapid 

deposition of the coarser fraction that is effectively sheared laterally by the overriding 

flow (Sumner et al., 2008).  
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1.3.3. Debrites 

Debris flows are flows with a laminar state where the particles are not segregated 

according to their size and are deposited en masse (Figure 1.11; Mulder and Alexander, 

2001; Talling et al., 2012); therefore, the initial thickness of debris flow deposits 

(debrites) is closely related to flow thickness (Iverson, 1997).  

 

Figure 1.11. Summary of subaqueous laminar flows' transport, depositional phases, and 

respective deposits (Talling et al., 2012). 
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Debris flows can be grouped according to the cohesive mud content in their matrix 

(Figure 1.11) due to the impact that the cohesive clay has on permeability and, therefore, 

dissipation-time for the excess pore pressure, viscosity, yield strength and competence 

(Iverson et al., 2010). Despite the continuum of matrix content that debrites comprise, a 

bimodal content in cohesive mud was reported in Amy et al. (2006), where a boundary of 

20% volume in cohesive mud (< 30 µm) was established. However, that threshold will 

vary according to clay mineralogy and the respective cohesive strength (Baker et al., 

2017). Talling et al. (2012) divide cohesive debris flows into high- to moderate cohesive 

debrites (DM-2) and low-strength ones (DM-1) based on their maximum grain size (Figure 

1.11). Low-strength cohesive debrites are decimetre- to metre-scale deposits, and the 

maximum grain size is sand to granules (Hampton, 1975; Talling et al., 2012; Talling, 

2013). The high- to -moderate cohesive debrites can be up to several tens of metres thick, 

and the maximum clast size they comprise ranges from granules to clasts tens of metres 

long (named megaclast if >4.1 m; Blair and McPherson, 1999) due to elevated yield 

strength (Figure 1.11). 

 

1.3.4. Transitional flow deposits 

The spectrum of subaqueous sediment gravity flows between fully turbulent or laminar 

flows have been termed ‘slurry flows’ (Lowe & Guy, 2000) or transitional flows 

(Haughton et al., 2003), and their deposits are termed transitional flow deposits (Kane & 

Pontén, 2012). Transitional flows are interpreted to result from initial turbulent flows that 

increased their near-bed clay concentration as a result of flow deceleration and/or 

entrainment of cohesive clay from the underlying substrate and flow bulking (Haughton 

et al., 2009), promoting the formation of a plug flow lacking turbulence (Baas and Best, 
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2002; Barker et al., 2008; Baas et al., 2009; Kane and Pontén, 2012). The progressive 

entrainment of cohesive clay causes turbulence suppression and induces transitional flow 

behaviour along down dip, which is reflected in the texture of the deposits (Figure 1.12; 

Kane and Pontén, 2012; Fonnesu et al., 2015; Porten et al., 2016; Kane et al., 2017).  

 

Figure 1.12. Schematic diagram of a single hybrid flow and related the facies 

heterogeneity model along down-dip (Fonnesu et al., 2015). 

 

Transitional flow deposits recording the onset of transitional flow transformation 

commonly lack structuration and are characterised by ungraded to crudely graded 

profiles, similar to high-density turbidites, although with high mudstone clast and matrix 

contents (Figure 1.12; Lowe and Guy, 2000; Kane et al., 2017). As the transitional flows 

increase their concentration and viscosity along the down-dip, they develop a two-phase 

flow behaviour with a strong rheological heterogeneity (Figure 1.9; Baas et al., 2009; 

Kane et al., 2017). Such heterogeneity is reflected in the deposits named hybrid event 

beds (Figure 1.13; Haughton et al., 2003, 2009; Davis et al., 2009; Hodgson, 2009; Kane 

et al., 2017; Southern et al., 2017; Spychala et al., 2017a) and they can be classified as 

proximal or distal based on their texture and structuration (Figure 1.12). One of the 

earliest models characterising hybrid event beds was developed by Haughton et al. (2003, 
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2009) by subdividing them into different divisions (Figure 1.13). According to Haughton 

et al. (2003, 2009), an ideal hybrid bed comprises a basal structureless sandstone (H1; 

turbidite), a banded division (H2; transitional flow deposits), a poorly sorted mudstone 

clast- and matrix-rich sandstone (H3; debrite), thin-bedded structured sandstone (H4; 

turbidite) and a thin-bedded mudstone cap (H5; hemipelagite). Recent studies on hybrid 

event beds highlight that turbiditic divisions (H1 and H4) are more closely associated 

with transitional flow deposits (Figure 1.13) than turbidites sensu stricto (Baas et al., 

2011; Baker and Baas, 2020; Hussain et al., 2020). 

 

Figure 1.13. Different interpretations for the depositional processes of an idealised hybrid 

event bed and its divisions (HEB)(Baas et al., 2011). 

 

1.4. Submarine landslides 

Submarine landslides are coherent sedimentary bodies translated from high to lower 

gradient slopes due to gravity (Figure 1.14; Hampton et al., 1996; Coleman and Prior, 

1998; Moscardelli and Wood, 2008; Kneller et al., 2016). The onset of downslope 

remobilisation, known as mass wasting, is the consequence of shear stresses exceeding 
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the shear strength of the sediments (driving shear stress vs resisting stress sensu Hampton 

et al., 1996). Tectonic steepening, seismicity, volcanic activity, storms and changes in the 

hydrostatic pressure increase the shear stresses on the material accumulated on slopes 

(Field and Hall, 1982; Bugge et al., 1987; Goldfinger et al., 2000; Bungum et al., 2005; 

Lee, 2009; Dalla Valle et al., 2015), while unconsolidated sediments and intervals of high 

pore pressures reduce the shear strength (Piper et al., 1997).  

 
Figure 1.14. Schematic diagram of an idealised submarine landslide deposit and various 

kinematic indicators. (1) Headwall scarp. (2) Extensional ridges and blocks. (3) Lateral 

margins. (4) Basal shear surface ramps and flats. (5) Basal shear surface grooves. (6) 

Basal shear surface striations. (7) Remnant blocks. (8) Translated blocks. (9) Outrunner 

blocks. (10) Folds. (11) Longitudinal shears/first-order flow fabric. (12) Second order 

flow fabric. (13) Pressure ridges. (14) Fold and thrust systems (Bull et al., 2009). 

 

 

Figure 1.15. (A) Seismic reflection dataset showing the geomorphological impact at the 

base of an MTC, including the erosional edge on the west, megascours in the centre of 

the image, and secondary scours on the east side (Moscardelli et al., 2006). 
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Figure 1.16. (A) Cartoon illustrating the bulking of a submarine landslide and the 

entrainment of the substrate during its passage. (B) Cartoon illustrating the basal shear 

surface and related features such as ramps and flats, lineations, scours with megaclasts, 

and deformation zones (Hodgson et al., 2019). 

 

As submarine landslides travel across the seafloor, they exert shear stress and over-

pressure on the underlying substrate (Figure 1.14, Figure 1.15 and Figure 1.16; Bull et 

al., 2009; Hodgson et al., 2019; Payros and Pujalte, 2019), leading to complex styles of 

interactions (Sobiesiak et al., 2018). The impact of submarine landslides on the 

underlying substrates (Figure 1.15) has been the focus of several studies based on 
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subsurface (McGilvery and Cook, 2003; Moscardelli et al., 2006; Moscardelli and Wood, 

2008; Bull et al., 2009; Posamentier and Martinsen, 2011; Soutter et al., 2018) and in 

outcrop (Lucente and Pini, 2003; Dykstra et al., 2011; Ogata et al., 2012; Dakin et al., 

2013; Sobiesiak et al., 2018; Payros and Pujalte, 2019). The stress applied to the substrate 

during the passage of a submarine landslide can be accommodated by discrete planes 

(basal shear-surface) or stratigraphic intervals (basal shear-zone) (Alves and Lourenço, 

2010; Butler and McCaffrey, 2010; Watt et al., 2012; Dakin et al., 2013). The deformation 

is commonly recorded by the development of compressional structures developed along 

the basal shear zone and by the entrainment of substrate material (Figure 1.14 and Figure 

1.16; Moscardelli et al., 2006; Alves and Cartwright, 2009; Sawyer et al., 2009; Dakin et 

al., 2013; Ogata et al., 2014; Ortiz-Karpf et al., 2015; Sobiesiak et al., 2016, 2017; 

Hodgson et al., 2019; Valdez et al., 2019). The transport of megaclasts along their base 

can gouge the substrate, producing kilometres-long linear features named grooves or 

megascours (Figure 1.15 and Figure 1.16; Moscardelli and Wood, 2008). 

 

1.4.1. Submarine landslide deposits 

Submarine landslide deposits represent an important record in deep-water stratigraphic 

successions (e.g. Pickering and Corregidor, 2005; Posamentier and Martinsen, 2011), 

being up to 90% in their thickness (Garziglia et al., 2008). Mass Transport Deposit 

(Nardin et al., 1979) and Mass Transport Complex (several MTDs; Weimer et al., 2007) 

are commonly used terms to refer to submarine landslide deposits in seismic reflection 

datasets where their internal character is not resolvable. However, in outcrop-based 

studies, the degree of internal deformation of submarine landslide deposits is often used 

as a proxy for their classification. A coherent mass of sediments translated downslope 

over a basal glide plane with limited internal deformation (limited rotation of bedding) is 

referred to as a slide (Dott, 1963). The overlying sedimentary mass remains undeformed 
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if the shear stresses are limited to the basal glide plane. When the internal deformation is 

higher, and the internal bedding is folded, the deposits are named slumps (Nardin et al., 

1979; Shanmugam, 2006). The vergence of the fold is commonly used as a criterion to 

infer the direction of the remobilisation and palaeoslope orientation (Farrell and Eaton, 

1987; Bradley and Hanson, 1998). Normal faulting is common due to extensional stresses 

developed near the evacuation area, while low-angle thrust faults are developed in their 

lower compressional domains (Lewis, 1971; Martinez et al., 2005). Despite the variable 

deformation degree, slides and slumps are characterised by preserving the original 

bedding and sedimentary structures. On the other hand, debris flows are incoherent 

masses where the shear stress is distributed throughout the entire vertical profiles (Carter, 

1975; Nardin et al., 1979). As a result, the debrites show fully dismembered texture, and 

the original bedding is not preserved (e.g. Pickering and Corregidor, 2005). Cohesive 

debris flows are characterised by the transport of outsized clast, commonly named 

megaclasts (> 4.1m diameter; Blair and McPherson, 1999), floating into a fine-grained 

matrix (Labaume et al., 1987; McGilvery and Cook, 2003; Lee et al., 2004; Jackson, 

2011; Sobiesiak et al., 2016; Fallgatter et al., 2017; Nwoko et al., 2020a).  

 

1.5. Interaction between sediment gravity flows and seafloor topography 

In the absence of seafloor relief, sediment gravity flows spread radially, producing 

elongated fan-shaped deposits. However, seafloor relief is common in deep-water settings 

and can be formed by a wide variety of geological processes such as tectonism (Sinclair 

and Tomasso, 2002; Joseph and Lomas, 2004), salt diapirism (Hodgson et al., 1992; 

Prather et al., 1998, 2017; Oluboyo et al., 2014), mud diapirism (Jobe et al., 2017) and 

submarine landslide deposits (Fairweather, 2014; Ortiz-Karpf et al., 2015; Kneller et al., 

2016).  
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Figure 1.17. Geologic map of part of Cumbria (NW England) showing palaeocurrent 

vector means of turbidites within Windermere Group. Note the divergence between 

ripples (formed from deflected dilute (parts of) flows, while sole structures (formed from 

denser flows) run parallel to the SW-NE topography (Kneller et al., 1991). 

 

Bathymetric confinement is produced when sediment gravity flows interact with basin 

margins or irregular topography, which affects flow velocity and flow direction of 

turbidity currents and, therefore, resultant deposit characteristics (Kneller, 1995; Kneller 

& Branney, 1995; Al Ja’Aidi et al., 2004). Sediment gravity flows systems entering a 

depression surrounded by enclosing topography are known as confined and contained 

system (Southern et al., 2015) or ponded system (Winker, 1996; Prather et al., 2017). 

However, not all sediment gravity flows show a similar response when interacting with 

topography. The interaction will depend on the flow properties (flow rheology, velocity, 

thickness, stratification and volume) and the nature of the topography (orientation, height, 

gradient and lateral extent) (Kneller and Branney, 1995; Al Ja'Aidi et al., 2004). The style 



Chapter 1: Deep-water systems 

50 

 

of interaction will determine the distribution, texture and architecture of the deposits 

within the basin (Kneller and McCaffrey, 2003; Smith, 2004b; Patacci et al., 2014; 

Southern et al., 2015; Soutter et al., 2019). Denser flows are more sensitive to topography 

than dilute flows/divisions (Figure 1.17; Kneller & Buckee, 2000; Al Ja’Aidi et al., 2004; 

Brunt et al., 2004; Lamb et al., 2006): low-density turbidity currents can surmount certain 

topography, while high-density turbidity currents and debris flows will be more restricted 

to topographic lows (Bakke et al., 2013). The divisions within a stratified gravity flow 

will respond differently according to their flow properties (flow decoupling), where dilute 

division will surmount the topography and dense division run parallel to its strike (Figure 

1.17; Kneller et al., 1991).  

 

The steepness and the orientation of confining topography (Figure 1.18) with respect to 

incoming sediment gravity flow is an additional control (Kneller et al., 1991; Kneller and 

Branney, 1995; Soutter et al., 2021). Lateral confinement (Figure 1.18) has been reported 

to enhance flow velocity and efficiency due to the channelisation produced by the 

confining element (Sinclair, 1994; Amy et al., 2004; Soutter et al., 2021). Due to the 

presence of lateral confinement and gentler or flatter margin, the resultant deposits might 

develop certain asymmetry (Figure 1.18; Amy et al., 2004; Soutter et al., 2021). Oblique 

confinement (Figure 1.18) is responsible for flow deflection (Kneller et al., 1991; 

Edwards et al., 1994) and partitioning of deposits (Soutter et al., 2019). Frontal 

confinement (Figure 1.18) is responsible for trapping sand up-dip the obstacle (Sinclair 

and Tomasso, 2002) due to abrupt flow deceleration and subsequent loss in flow capacity 

(Hiscott, 1994a). However, this is highly dependent on the magnitudes of the incoming 

sediment gravity flows and the topography (Sinclair and Tomasso, 2002). When the 

topography is similar to or larger than the flow thickness, and there is a lack of 
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connectivity between the topographic lows, the flow will be strongly decelerated, 

trapping up-dip the coarsest transported sediments (Figure 1.19; Sinclair and Tomasso, 

2002; Kneller et al., 2016). In this setting, the distal parts will be mudstone-dominated or, 

at least, comprising thinner and finer-grained sandstones (Figure 1.19; Sylvester et al., 

2015). When flow thickness exceeds the topographic height, the sediment gravity flows 

can largely bypass depositing the coarser fraction in the topographic lows (Figure 1.19). 

Furthermore, the topographic lows can be connected via tortuous corridors (Figure 1.20; 

sensu Smith, 2004), where the sediment gravity flows will not be fully ponded, and the 

strata overlying the topographic lows will be sandstone-dominated (depending on the 

source material). Therefore, the filling style in basins characterised by seafloor 

topography depends on the complex interplay between the bathymetric configuration and 

the nature of the sediment gravity flows (Figure 1.18, Figure 1.19 and Figure 1.20).  

 

Figure 1.18. Elevation maps of four experimental runs in a flume tank with variable 

topography show erosion in blue and deposition in yellow, orange and red. (A) 

Unconfined; (B) laterally confined; (C) obliquely confined; and (D) frontally confined 

(Soutter et al., 2021). 
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Figure 1.19. Schematic diagram illustrating the interaction between sediment gravity 

flows of different magnitudes relative to the relief of the underlying submarine landslide 

deposits. Note the difference in the resultant deposits depending on the bypass or flow 

ponding (Kneller et al., 2016). 
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Figure 1.20. Schematic diagrams illustrating different bathymetric configurations and 

responses of the sedimentary systems. (A) In a silled sub-basin, when sand-transporting 

flows are small in volume relative to the scale of the accommodation. (B) In a silled sub-

basin, when sand-transporting flows are large in volume relative to the accommodation. 

Note the spilling to the next sub-basin downslope. (C) In a connected tortuous corridor, 

when sand-transporting flows are small in volume relative to the potential flow path. (D) 

In a connected tortuous corridor, when sand-transporting flows are large in volume 

relative to the potential flow path (Smith, 2004b). 

 

1.5.1. Termination styles 

Deposition from sediment gravity flows displays characteristic facies, architectures and 

depositional patterns resulting from interactions with seafloor topography. The influence 

of topography can be interpreted from direct observation in sedimentary structures and 

divergence in palaeocurrents (Figure 1.17; Kneller and Branney, 1995; McCaffrey and 

Kneller, 2001; Tinterri et al., 2016) in facies transitions (Smith, 2004b; Spychala et al., 

2017b; Soutter et al., 2019) and in angular unconformities produced by termination 

against topography (McCaffrey and Kneller, 2001; Smith and Joseph, 2004; Gardiner, 

2006; Bakke et al., 2013). Several studies have focused on the different deep-water 

termination styles (Figure 1.21) as they are targets for exploration and production due to 

the stratigraphic trapping potential, but also for the sedimentological insights into 

palaeotopography (Figure 1.22 and Figure 1.23; Hurst et al., 1999; Kneller et al., 1999; 

Sinclair, 2000; McCaffrey and Kneller, 2001; Smith and Joseph, 2004; Gardiner, 2006; 

Bakke et al., 2013; Soutter et al., 2019).  

 

Abrupt terminations are observed in thick-bedded sandstones with high amalgamation 

ratios and are linked to dense sediment gravity flows that undergo rapid flow deceleration 

and high sedimentation rates (Gardiner, 2006). Three end-member termination styles 

have been observed in high-density turbidites: 1) tabular deposits; 2) thinning and draping 
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the slope, or 3) localised thickening near the margin (Figure 1.21, Figure 1.22 and Figure 

1.23; Prather et al., 2000; Sinclair, 2000; McCaffrey and Kneller, 2001; Smith and Joseph, 

2004; Gardiner, 2006; Bakke et al., 2013). The localised thickening could be developed 

by helicoidal secondary flow cells, which are intensified by confining surfaces 

(McCaffrey and Kneller, 2001). However, high-density turbidity currents can be strongly 

stratified (Lowe, 1982; Talling et al., 2012), producing different responses within a single 

flow (flow decoupling sensu Kneller and McCaffrey, 1999). The concentrated basal 

division will be more restricted to topographic lows, whereas the upper, more dilute 

division is less affected by topography (Figure 1.17 and Figure 1.19; Kneller and 

McCaffrey, 1999; Sinclair and Tomasso, 2002; Amy et al., 2004; Bakke et al., 2013) 

 

Figure 1.21. Schematic diagrams illustrating termination styles close to topographic 

heights and basin margin. (A) Simple onlap, (B) draping onlap and (C) bed thickening 

show terminations within relatively sand-prone stratigraphic, whereas (D) advancing 

pinch-out, (E) convergent pinch-out and (F) convergent thickening show heterolithic 

pinch-out successions (Bakke et al., 2013, after McCaffrey and Kneller, 2001; Gardiner, 

2006; Patacci, 2010). 

 

Some beds do not terminate against a diachronous and unconformable surface; instead, 

beds tend to thin gradually, lack erosional features and high-amalgamation ratios, and 

deposit a thin-bedded mud-prone drape on the onlap surface so that the onlap slope 

continually aggrades (Figure 1.21, Figure 1.22 and Figure 1.23; Haughton, 1994; Hurst 
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et al., 1999; Smith, 2004b; Smith and Joseph, 2004; Gardiner, 2006). Deposits displaying 

these terminations are commonly observed in heterolithic stratal package styles. The three 

end-member styles are 1) advancing pinch-out, 2) converging-pinch-out, and 3) 

convergent thickening (Figure 1.21; Smith, 2004b; Gardiner, 2006; Bakke et al., 2013; 

Spychala et al., 2017c). They are interpreted as being formed from mixed low- to high-

density turbidity currents in gentler slopes (fraction of a degree) and low-density turbidity 

currents in steep slopes (several degrees) as dilute flows are less influenced by the 

bathymetric configuration of the basin (Al Ja’Aidi et al., 2004). Their ability to surmount  

and drape topography lies in their flow properties (Kneller & McCaffrey, 1999), such as 

high flow efficiency (Mutti, 1977) and lack of internal stratification. Persistent 

aggradational stacking may indicate flow confinement (Smith, 2004b; Spychala et al., 

2017c), hindering autogenic compensation produced by the depositional relief of 

underlying deposits. In this scenario, the upwards thickening and coarsening patterns may 

not be related to depositional system progradation (Bakke et al., 2013).  

 
Figure 1.22. A photograph (top) and sketch (bottom) of the outcrop at Chalufy (France) 

displaying a range of lateral termination styles of the deep-water Grès d'Annot Formation 

onto the Marnes Bleues Formation (Bakke et al., 2013). 
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Figure 1.23. Schematic cross-section illustrating the facies evolutions of a lateral onlap 

in the Grès d'Annot (France) towards the basin margins. Note that the variable style of 

the termination depends on high- and low-density turbidites and hybrid event beds 

(Soutter et al., 2019). 

 

1.6. Geomorphic elements of deep-water systems 

Deep water depositional systems are commonly subdivided into geomorphic elements 

from shallower to deeper downslope areas (Figure 1.24 and Figure 1.25). These 

geomorphic elements are submarine canyons, channels, channel-lobe transition zones and 

lobes and have been recognised globally in modern and ancient systems. The size, 

architecture and transition of geomorphic elements vary depending on the frequency, 

nature and magnitudes of sediment gravity flows and the basin configuration (Figure 

1.25). 

 
Figure 1.24. Map of the Late Quaternary Axial Congo Fan showing submarine canyon, 

channels and lobes (Picot et al., 2016). 
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1.6.1. Canyons 

Submarine canyons represent the most proximal geomorphic element of the deep-water 

depositional system. They are a few kilometres deep, tens of kilometres wide and 

hundreds of kilometres long negative relief linear features in continental margins incised 

into the shelf or upper slope settings that act as steep conduits (~ 2-5°; De Pippo et al., 

1999; Harris and Whiteway, 2011) for sediment delivery (Heezen et al., 1964; Nittrouer 

and Wright, 1994; Bertoni and Cartwright, 2005; Covault et al., 2011; Harris and 

Whiteway, 2011).  
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Figure 1.25. (a) Map of the architecture and sedimentary processes of the Ogooue Fan. 

(b, c, d) Longitudinal profiles along the northern, central, and southern parts of the 

Ogooue Fan. Note the correlation between the differences in slope gradient and 

sedimentary processes (Mignard et al., 2019). 

 

Canyons formed in active margins are more abundant, shorter and steeper than canyons 

developed in passive margins (Figure 1.26; Sømme et al., 2009; Harris and Whiteway, 

2011). Three major causes dictate the genesis of submarine canyons: 1) retrogressive 

slope failure (mass wasting events), 2) prolonged erosion from sediment gravity flows, 

and 3) subaerial erosion during low sea levels (Farre et al., 1983; Pratson et al., 1994; 

Pratson and Coakley, 1996; Fagherazzi, 2004; Piper and Normark, 2009).  

 
Figure 1.26. Compilations of features and cartoons illustrating differences between 

submarine canyons formed in active and passive margins (Harris and Whiteway, 2011). 

 

Most sediment gravity flows do not maintain their efficiency for long, dissipating before 

arriving at downslope geomorphic elements (Howell and Normark, 1982; Paull et al., 

2005; Talling et al., 2015). The amount of sediment that exits the canyons and is delivered 

to deeper-water areas depends on factors such as if canyons are shelf incised or not (shelf 

incising or blind sensu Harris and Whiteway, 2011), the magnitude of the flows travelling 

across the canyon walls (Jobe et al., 2018) and the bathymetric connection to a major 
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fluvial system (Bourget et al., 2010; Harris and Whiteway, 2011). However, recent 

monitoring of turbidity currents in a canyon detached from land and related fluvial 

systems has revealed that sediment transport across the shelf might also play a key role 

in the downslope remobilisation of sediments (Heijnen et al., 2022). Canyon fills 

commonly shows coarse-grained sandstones and conglomerates indicative of bypassing 

flows and fine-grained deposits derived from mass wasting of the canyon walls 

(Millington and Clark, 1995; Paull et al., 2005; Anderson et al., 2006). Monitoring of 

sediment gravity flows within submarine canyons during the last decade has expanded 

our limited knowledge of their morphodynamics (Figure 1.27; Azpiroz-Zabala et al., 

2017; Symons et al., 2017; Paull et al., 2018; Pope et al., 2022) and recurrence (Paull et 

al., 2014; Hughes Clarke, 2016; Heijnen et al., 2022; Pope et al., 2022).  

 
Figure 1.27. Bathymetric map of the Congo Canyon (Azpiroz-Zabala et al., 2017). 

 

1.6.2. Channels 

Submarine channels are negative relief geomorphic elements developed down-dip from 

submarine canyons (Figure 1.25 and Figure 1.27) and act as long-term conduits for the 

downdip transport of particulate matter (Normark, 1978; Piper and Normark, 1983; 

Beaubouef and Friedmann, 2000; Peakall et al., 2000; Mayall and Stewart, 2000; Kneller, 
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2003; Gee and Gawthorpe, 2006; Kane et al., 2007; McHargue et al., 2011; Kane and 

Hodgson, 2011; Hubbard et al., 2014; Kane and Clare, 2019; McArthur et al., 2019; 

Kneller et al., 2020). The onset of submarine channels is characterised by a period of 

erosion in the slope, which is the product of successive erosive turbidity currents (Figure 

1.28; Sylvester et al., 2011; Hodgson et al., 2016) or single events (e.g. Elliott, 2000; 

Dakin et al., 2013).  

 
Figure 1.28. Cartoons highlight the difference between (A) instantaneous confinement 

and (B) progressive confinement in submarine channels (Hodgson et al., 2016). 

 

Channels are characterised by the interplay between simultaneous erosion across different 

scales (Buffington, 1952; Menard, 1955; Normark, 1970; Millington and Clark, 1995; 

Skene et al., 2002; Kane and Hodgson, 2011; McHargue et al., 2011; Sylvester et al., 

2011; Hubbard et al., 2014; Vendettuoli et al., 2019). Therefore, a hierarchical framework 

is commonly used based on the bounding surfaces of stratal packages of variable 

thickness and geometries (Figure 1.29; Sprague et al., 2005; Di Celma et al., 2011; 

McHargue et al., 2011; Macauley and Hubbard, 2013). The fundamental building block 

of a submarine channel is a 'channel element' (McHargue et al., 2011; Macauley and 

Hubbard, 2013) or 'storey' (Sprague et al., 2005) following the hierarchical classification 



Chapter 1: Deep-water systems 

61 

 

of fluvial systems (Friend et al., 1979). These primary architectural blocks can be tens to 

a few hundred meters wide and a few tens of meters thick (Figure 1.29; e.g. Hubbard et 

al., 2014). Channel elements are subdivided into sub-environments of deposition: channel 

axis, channel off-axis and channel margin (Figure 1.29; e.g. Hubbard et al., 2014). The 

channel axis can comprise a wide range of deposits such as matrix-supported 

conglomerates (debrites), clast-supported conglomerates and mudstone clast horizons 

(lag deposits), thin- and thick-bedded sandstones (high- and low-density turbidites) 

(Mayall et al., 2006; Bell et al., 2018). In contrast, the channel margin is dominated by 

thin-bedded siltstones and sandstones (low-density turbidites) (Hubbard et al., 2014). The 

channel off-axis is a mixture between both end members, dominated by thin- to thick-

bedded sandstones. This wide range of deposits indicates the dynamic flows and 

environments that produce channel elements. Correlating event beds from channel axis 

to margin is not straightforward due to scouring and the general dynamic nature of this 

environment (e.g. Hubbard et al., 2020). Channel elements are bounded by flanking 

stratal packages (Hübscher et al., 1997; Deptuck et al., 2003; Hansen et al., 2015) named 

internal levees if they have a wing-style architecture (Figure 1.30; sensu Kane and 

Hodgson, 2011) or depositional terraces if they comprise sheet-like geometries (Figure 

1.31; Hansen et al., 2015, 2017a, 2017b). The stacking of several genetically related 

channel elements forms a channel complex, and two or more genetically related channel 

complexes form a channel-complex set (Abreu et al., 2003; Samuel et al., 2003; Sprague 

et al., 2005; McHargue et al., 2011; Macauley and Hubbard, 2013). A channel-complex 

set is comprised of a channel belt, where the channel complexes are contained, bound by 

wedge-shaped flanking stratal packages which thin laterally away from the channel belt 

(Piper et al., 1999; Posamentier, 2003), named external levees (Figure 1.30; sensu Kane 

and Hodgson, 2011) or by a master erosional surface (e.g. Kneller et al., 2020).  



Chapter 1: Deep-water systems 

62 

 

 
Figure 1.29. Two-dimensional schematic cross-sections and a map view of channelform 

sedimentary bodies common in slope strata emphasise a broad range of scales. (A) 

multiple channel elements and submarine landslide deposits form several channel 

complexes contained inside the channel belt of a channel complex set. (B–D) Examples 

of individual channel elements are generally less than 300 m wide and 30 m thick. (E). 

Two-dimensional cross-sections show the facies and architecture of a channel element. 

(F) Planform view of channel complex set (Hubbard et al., 2014). 
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Figure 1.30. (A) Schematic diagram showing channel-levee morphology and 

nomenclature for levee subenvironments. (B) Nomenclature of internal levees (Kane and 

Hodgson, 2011). (C) Channel-levee cross-section comprising depositional terraces 

(Hansen et al., 2015). 



Chapter 1: Deep-water systems 

64 

 

 
Figure 1.31. (A) Bathymetric map of the seafloor showing submarine channels 

morphology. (B and C) Cross-sections show the active channel and the depositional 

terraces. The location of seismic lines is indicated in (A). The dashed lines indicate the 

channel-belt base (Hansen et al., 2017a). 
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1.6.3. Channel-lobe transition zones (CLTZs) 

Channel-lobe transition zones (CLTZs) represent intermediate geomorphic elements 

bridging well-developed channels and lobes (Mutti and Normark, 1987). The 

development of channel-lobe transition zones coincides with two morphological 

transitions: a reduction in seafloor gradient (slope break) and a loss of lateral confinement 

associated with the channel mouth (Figure 1.32A; Mutti and Normark, 1987; Wynn et al., 

2002). At channel mouths, sediment gravity flows undergo expansion and deceleration, 

producing areas dominated by a complex interplay between erosion, bypass and 

deposition (Figure 1.32A; Wynn et al., 2002; Ito, 2008; Macdonald et al., 2011; Hofstra 

et al., 2015; Maier et al., 2018, 2020). Erosion in channel-lobe transition zones has been 

largely attributed to the reduction of slope gradient and subsequent hydraulic jump 

generation (Garcia and Parker, 1989). However, recent flow modelling suggests that 

expansion and lowering of maximum velocity at channel mouth settings (Figure 1.32B) 

could also be a primary mechanism (flow relaxation sensu Pohl et al., 2019).  

 

Deposition in channel-lobe transition zones is characterised by 10s to 100s m long 

sediment waves and 10s metres deep and 100s metres long scour-fills (Figure 1.32A; 

Wynn et al., 2002; Fildani and Normark, 2004; Tudor, 2014; Hofstra et al., 2015; 

Pemberton et al., 2016; Maier et al., 2018; Droz et al., 2020; Hodgson et al., 2022). 

Channel-lobe transition zones have been recognised in the subsurface (Morris et al., 1998; 

Wynn et al., 2002; Droz et al., 2020) and in outcrop-based studies (Van der Merwe et al., 

2014; Hofstra et al., 2015; Henstra et al., 2016; Brooks et al., 2018b, 2022; Navarro and 

Arnott, 2020; Mansor and Amir Hassan, 2021). However, channel-lobe transition zones 

are characterised by a low preservation potential due to cannibalisation and prograding 

submarine channels (e.g. Pemberton et al., 2016).  



Chapter 1: Deep-water systems 

66 

 

 
Figure 1.32. Schematic representation of (A) a channel-lobe transition zone (Hodgson et 

al., 2022). (B) Gravity flow is confined within a channel, and (C) flow-relaxation after 

lateral spreading and thinning lowers the maximum velocity towards the substrate, 

causing erosion (Pohl et al., 2019). 

 

1.6.4. Submarine lobes 

Submarine lobes represent a major component of submarine fans (Figure 1.24). They are 

built from the deposition of radially-spreading and decelerating sediment gravity flows 

that previously bypassed submarine canyons, channels and channel-lobe transition zones 

(Normark, 1978; Posamentier and Walker, 2006). Advances in the resolution of sonar 

(e.g. Twichell et al., 1995; Machado et al., 2004) and seismic-reflection dataset (e.g. 

Gervais et al., 2006) provided valuable information about the depositional finger-like 
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architectures within lobes rather than the previously thought sheet-like geometry ('sheets 

sands' sensu Shanmugam and Moiola, 1988).  

 

Commonly submarine lobes are classified depending on their position with respect to the 

slope. Terminal lobes are deposited beyond the slope break on the basin floor 

(Shanmugam and Moiola, 1991; Jegou et al., 2008; Sømme et al., 2009; Prélat et al., 

2010), while transient intraslope lobes are developed on relatively flat areas (Figure 1.25, 

Figure 1.33 and Figure 1.34) within irregular slopes product of mud and salt diapirism, 

faulting, submarine landsliding or differential compaction (Adeogba et al., 2005; Deptuck 

et al., 2008; Oluboyo et al., 2014; Spychala et al., 2015; Jobe et al., 2017; Dodd et al., 

2019; Mignard et al., 2019; Privat et al., 2021). Overall, terminal lobes are commonly an 

order of magnitude larger than intraslope lobes (Shanmugam and Moiola, 1988; Sømme 

et al., 2009; Prélat et al., 2010; Spychala et al., 2015). 

 
Figure 1.33. Intraslope lobe development on out-of-grade areas in a steeped slope. 

Bathymetric map (10 m contour interval) and seismic amplitude (colour) of the seafloor 

on the western Niger Delta continental slope. Note the development of the intraslope lobe 

on the flat in the north while the channel in the south does not develop any intraslope lobe 

due to constant gradient (Jobe et al., 2017). 
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Figure 1.34. Perched and ponded intraslope lobes on the Brazos-trinity basin, Gulf of 

Mexico (Prather et al., 2017). 

 

Similarly to submarine channels, a hierarchical framework refers to submarine lobes 

(Gervais et al., 2006; Prélat et al., 2009; Mulder and Etienne, 2010; Sweet et al., 2020). 

Following the hierarchical scheme and nomenclature (Figure 1.35) of the field-based 

study of Prélat et al. (2009), the fundamental building block is the event bed. Stacked 

event beds bounded by < 0.02 m silty intervals called 'interlobe elements' form lobe 

elements (2 m thick), whereas two or more genetically related lobe elements form a lobe 

(5-10 m thick, 30 km long), bound by < 2 m thick siltstone-prone unit called 'interlobes'. 

Genetically related lobes stack to form a lobe complex (10's m thick, 10's km long), bound 

at their base and top by < 0.5 m thick claystone named 'interlobe complex'. Recent 

sedimentological work on the claystones of the interlobe complexes has shown that they 

can represent event beds of the distal or lateral equivalents of lobes deposited elsewhere 

(Boulesteix et al., 2020). 



Chapter 1: Deep-water systems 

69 

 

 
Figure 1.35. The hierarchical scheme of Prélat et al. (2009) recognises four scales of 

elements: bed, lobe element, lobe and lobe complex. 

 

The study of the stacking patterns of lobes provides information about the bathymetrical 

configuration of the receiving basin (Figure 1.36). In unconfined settings such as flat 

basin floors, lobes show a compensational stacking pattern, depositing lobes where the 

depositional relief of the previous lobe is thinnest and the accommodation space largest 

(Figure 1.37; Mutti and Sonnino, 1981; Gervais et al., 2006; Prélat et al., 2009). In 

confined settings, the compensation of lobes is hindered by the limited available 

accommodation, and they typically show an aggradational stacking pattern (Marini et al., 

2015), and sheets can be developed instead of lobes (Liu et al., 2018; Tőkés & Patacci, 

2018). Additionally, when a simultaneous juxtaposition and advancement or back-

stepping of a lobe over an older one is developed, the term longitudinal stacking pattern 

is used (Figure 1.36; progradational or retrogradational, respectively). Progradational 

stacking is linked to increased sediment supply, tectonic tilting and/or smoothening of the 

seafloor relief (Grundvåg et al., 2014 and references therein), while retrogradational is 

commonly related to a reduction in sediment supply (Figure 1.36; Ferguson et al., 2020 

and references therein). Furthermore, in nature, the stacking of lobes can show an 

intermediate behaviour between the end-member stacking patterns mentioned above 
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(semi-confined lobes; Marini et al., 2015; Dodd et al., 2019) or a dynamic behaviour 

during the lobe complex formation (Figure 1.36; progradational-aggradational-

retrogradational stacking pattern; Hodgson et al., 2006). 

 

Figure 1.36. Progradational-aggradational-retrogradational stacking patterns of lobes. (A) 

and (B) Cross sections showing the architecture of the deposits after 5 runs within a 

flume-tank experiment. Mean discharge of each run is different: Run 1 (20 m3/hr), Run 2 
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(30 m3/hr), Run 3 (40 m3/hr), Run 4 (30 m3/hr), Run 5 (20 m3/hr). Note the progradational 

stacking pattern while the discharge increases in contrast to the retrogradational stacking 

pattern developed when the discharge decreases. (C) Modified interpretation from the 

correlation in Kane et al. (2017) suggests that the uppermost thin-bedded interval 

represents the back-stepping of Fan 3 (Ferguson et al., 2020). (D) Similar interpretation 

and stacking patterns of Fan 3 (Hodgson et al., 2006). 

 

 
Figure 1.37. Seismic profiles illustrate the architecture of the latest Pleistocene lobe 

complex of the northern margin of East Corsica in a pseudo-three-dimensional view. Note 

the compensational stacking pattern of lobes in yellow, green and purple (Gervais et al., 

2006). 

 

Outcrop-based studies have enabled the characterisation of facies and facies association 

and relate them to lobe sub-environments such as lobe axis, lobe off-axis and lobe fringe 

(Figure 1.38; Prélat et al., 2009; Grundvåg et al., 2014; Terlaky et al., 2016; Kane et al., 

2017; Spychala et al., 2017b; Hansen et al., 2019). The lobe axis represents the most axial 

and proximal parts of the lobe (Figure 1.38). This environment often features the thickest 
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stratal packages, commonly dominated by thick-bedded, structureless and amalgamated 

sandstones (high-density turbidites). High-density turbidity currents escaping channel 

confinement spread radially and decelerate progressively. These energetic and turbulent 

flows commonly scour the substrate and entrain a substantial amount of substrate (Kane 

et al., 2017 and reference therein). Therefore, lobe axis high-density turbidites commonly 

show erosive bases and mudstone clasts distributed along amalgamation surfaces or 

throughout their vertical profile (Prélat et al., 2009; Grundvåg et al., 2014; Dodd et al., 

2019). The lobe axis transitions into the lobe off-axis (Figure 1.38). A range of structured 

thin- to thick-bedded sandstones of variable matrix content indicate the development of 

internal stratification and rheologies within the flows (or parts of) bypassing the lobe axis. 

Entrainment of clay from erosive high-density turbidity currents in up-dip areas and 

mudstone clasts disaggregation promote the formation of oversaturated and cohesive 

flows (transitional flows; Haughton et al., 2009; Kane and Pontén, 2012; Kane et al., 

2017) that could not transport their sediment load to distal parts of the lobe, promoting 

capacity-driven deposition (Hiscott, 1994). In contrast, low-density turbidites indicate 

deposition under relatively low- to moderate aggradation rates and tractional reworking 

(e.g. Jobe et al., 2012), revealing more stable flow conditions than denser flows (Al 

Ja'Aidi et al., 2004). Lobe off-axis transitions into lobe fringe, representing the most distal 

lobe sub-environment (Figure 1.38). Lobe fringe comprises thin-bedded heterolithic 

packages with a rare bed amalgamation product of the deposition of flows (or parts of) 

that bypasses the lobe axis and off-axis. This lobe sub-environment is often subdivided 

into lateral or frontal lobe fringes. Lateral fringes are dominated by thin-bedded structured 

sandstones (low-density turbidites) as a result of the lateral spreading and deceleration of 

low-density turbidity currents (Spychala et al., 2017b and references therein). In contrast, 

frontal lobe fringes comprise a prevalence of argillaceous sandstones (hybrid event beds) 
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over low-density turbidites (Figure 1.38; Kane et al., 2017; Southern et al., 2017; 

Spychala et al., 2017b).  

 

 

Figure 1.38. A schematic diagram on a plan view of a terminal lobe illustrates lobe sub-

environments' distribution and facies associations (see logs). Schematic diagram showing 

some dominant flow processes in lobe (B) distal and (C) lateral fringes (Spychala et al., 

2017b). 

 

This review has highlighted the natural variability of deep-marine sedimentary systems 

and some key research that has been fundamental to our understanding of these systems. 

This wealth of previous research shows the evolution of our understanding through time, 

recently driven by major new insights into modern deep-marine systems and provides the 

necessary context for the following chapters. 
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2. Rationale 

In this chapter, I will highlight the main research question that motivated this research 

and each of the chapters (see colored squares in Figure 2.1). Furthermore, the three data 

chapters (Chapters 3-5) are linked to each other by a series of common objectives (see 

bullet points in Figure 2.1) 

 

Figure 2.1. Diagram illustrating the main research question and the common objectives 

that link the different chapters. 

 

2.1: How do submarine landslide deposits impact younger depositional 

systems? 

Submarine landslide deposits can form from individual catastrophic emplacement events 

(Pelinovsky and Poplavsky, 1996; Nisbet and Piper, 1998; Fryer et al., 2004), from 

multiple mass failure episodes (e.g. Sobiesiak et al., 2016), or from slow-moving and 

long-lived motion (creeping; Butler and McCaffrey, 2010). Submarine landsliding is an 

effective mechanism for accommodation creation on continental slopes (e.g. Fairweather, 

2014; Ortiz-Karpf et al., 2015; Kneller et al., 2016) because their deposits can produce 

gentler slope profiles than the equilibrium slope profile (Figure 2.2; Kneller, 2003; 

Kneller et al., 2016). Several features mark the upper surfaces of submarine landslides, 
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such as slide scars (Bugge et al., 1987; Moscardelli and Wood, 2008), megaclasts 

(Jackson, 2011; Nwoko et al., 2020a) and pressure ridges (Bull et al., 2009), developing 

complex seabed topography along their upper surfaces (Figure 2.2; e.g. Kneller et al., 

2016). As turbidity currents are highly sensitive to topography, relief associated with 

submarine landslide deposits will dictate the sediment routing patterns, deposit 

distribution, and architecture (Kneller et al., 2016). Understanding this interaction is 

necessary to further evaluate the implications for deposition and burial of sediments and 

organic carbon, potential hydrocarbon reservoir development, and future carbon storage 

places. 

 

While the kinematics and evolving morphology along the basal shear surface of 

submarine landslides have been the focus of several studies (Lucente and Pini, 2003; 

McGilvery and Cook, 2003; Moscardelli and Wood, 2008; Bull et al., 2009; Dykstra et 

al., 2011; Posamentier and Martinsen, 2011; Dakin et al., 2013; Sobiesiak et al., 2018), 

the dynamic evolution of the upper surface is less documented and understood. 

Furthermore, submarine landslide deposits can evolve through post-depositional 

deformation processes, which produce highly dynamic and inherently complex 

interactions with younger depositional systems (Butler and McCaffrey, 2010). Identifying 

upper kinematic boundary layers to submarine landslides is important because this will 

influence the behaviour of subsequent sediment gravity flows in more complex ways than 

simple passive healing of topography (Sinclair and Tomasso, 2002; Smith, 2004a). In 

addition, this may suggest that inferring emplacement processes from the relief of 

submarine landslides exposed on the seabed may be inappropriate if there has been 

significant and/or long-term modification of the top surface morphology. 
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Figure 2.2. Schematic diagram illustrating styles of accommodation associated with 

MTDs (Kneller et al., 2016). 

 

Due to the variable resolution of seismic reflection data and uncertainty of core-scale 

observations, it is not straightforward to differentiate syn- from post-depositional 

processes in subsurface examples. Here, I will use exhumed ancient systems with the aim 

of expanding the knowledge of the mechanisms responsible for the generation of relief 

on top of submarine landslide deposits, with a special emphasis on the post-depositional 

deformation processes along a dynamic upper surface, by investigating an exceptionally 

well-exposed axially-emplaced 9.6 km long debrite on an outcrop belt in Chacay Melehue 

Graben in West Central Argentina (Chapter 3). This investigation is augmented by a 

complementary study of a range of transversely-emplaced submarine landslide deposits 

in the exhumed Middle Eocene strata of the Banastón deep-water system in the Aínsa 

Basin, NE Spain (Chapter 5). 

 

2.2 Are all intraslope lobes made equal? 

Many ancient and modern continental slopes show stepped profiles (Pirmez et al., 2000; 

Prather et al., 2012), differing from 'simple' slope profiles characterised by gradual 

gradient changes (Brooks et al., 2018c). Apart from the mass wasting processes 
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mentioned in the previous section, several other geological processes can modify seafloor 

relief, such as tectonism (Sinclair and Tomasso, 2002; Joseph and Lomas, 2004), salt 

diapirism (Hodgson et al., 1992; Prather et al., 1998, 2017; Oluboyo et al., 2014) and mud 

diapirism (Prather et al., 2012; Jobe et al., 2017). Stepped slopes are characterised by 

higher gradient areas (< 3◦; ramps) and relatively low gradient areas (< 0.2◦; flats) (Barton, 

2012; Deptuck et al., 2012; Hay, 2012; Jobe et al., 2017; Mignard et al., 2019). Changes 

in slope profile strongly affect the behaviour of sediment gravity flows, leading them to 

be more depositional in low gradient areas with subsequent development of intraslope 

lobes (Barton, 2012; Deptuck et al., 2012; Jobe et al., 2017) and more erosional and/or 

bypassing in higher gradient areas, associated with channel development (Barton, 2012; 

Hay, 2012; Wynn et al., 2012; Mignard et al., 2019). Therefore, the slope profile strongly 

controls the organisation of geomorphic elements down-dip (Figure 1.25). The abrupt 

modification of slope gradient is associated with localised erosional features such as 

knickpoint and spoon-shaped scours associated with channel-lobe transition zones 

(Kenyon et al., 1995; Wynn et al., 2002; Mignard et al., 2019) and in the distal end of the 

intraslope lobes (Figure 2.2; e.g. Deptuck et al., 2012; Jobe et al., 2017).  

 

However, most studies are based on seafloor imagery and seismic-reflection datasets, 

with only limited information about the sub-seismic scale architectures and facies. 

Previous models of exhumed intraslope lobes highlight that they are smaller and comprise 

a higher sand percentage than terminal basin floor lobes (Figure 2.3; Figueiredo et al., 

2010; Van der Merwe et al., 2014; Spychala et al., 2015; Brooks et al., 2018c). 

Developing accurate facies models is important because the sand-rich and proximal 

locations of intraslope lobes are targets for oil and gas reservoirs and will likely be 

targeted for carbon storage projects in the future. Therefore, understanding the range of 
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intraslope lobe types, and in particular, documenting their pinch-out configurations, will 

help to reduce risk and uncertainty in subsurface examples. 

 

Figure 2.3. Schematic diagrams of an intraslope submarine fan (left) and base-of-slope 

submarine fan (right) highlight their differing geomorphological characteristics and facies 

distributions. Due to the bypass of muddy sediment and erosion at the distal parts of the 

intraslope step, intraslope submarine lobe deposits show more sand-rich facies 

architecture (left) than predicted by traditional base-of-slope lobe facies models (right) 

(Jobe et al., 2017). 

 

These depositional models (e.g. Spychala et al., 2015; Jobe et al., 2017; Brooks et al., 

2018c) associate the sandier nature of intraslope lobes (Figure 2.3 and Figure 2.4) with 

flow decoupling (Kneller and McCaffrey, 1999), where the concentrated basal divisions 

of high-density flow deposit sediment as a result of a reduction in slope gradient causing 

flow deceleration and loss of flow-capacity (Hiscott, 1994a). In contrast, the more dilute 

(parts of) flows transporting fine-grained sediments bypass basin-ward due to their higher 

flow efficiency (Stevenson et al., 2015). Current models also highlight the predominance 

of turbidites and the rare occurrence of transitional flow deposits (Figure 2.4; Spychala et 

al., 2015; Jobe et al., 2017). Structureless turbidites dominate the lobe axis, structured 

turbidites with abundant climbing-ripple lamination the lobe off-axis, and thin-bedded 

heterolithic packages the lobe fringe (Figure 2.4; Spychala et al., 2015; Brooks et al., 
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2018c). The outcrop-based study documented in this thesis aims to broaden the scope of 

existing depositional models by studying the deposits and architecture of exhumed 

intraslope lobes in the Neuquén Basin (Argentina) from event bed- to lobe complex-scale 

in an early post-rift intraslope setting (Chapters 3 and 4).  

 

 

Figure 2.4. Block diagram showing the key recognition criteria for intraslope lobes 

according to Spychala et al. (2015). Compensational stacking patterns with a strong 

aggradational component; onlap terminations onto mud-prone slope combined with 

sandstone injectites; highly amalgamated deposits in lobe complex axis; lobe-off axis are 

dominated by climbing-ripple lamination; bidirectional ripple laminations dominate lobe 

fringes. Incision by their feeder channels as a result of the progradation and slope 

readjustment (B) Simplified logs of facies associations of intraslope lobes (Spychala et 

al., 2015). 
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2.3 How are crevasse lobes formed and preserved in structurally confined and 

tectonically active intraslope settings? 

Crevasse lobes are important records of the morphodynamic evolution of submarine 

channels. Commonly, crevasse lobe development is linked to channel wall/ breaching on 

the outer bends of sinuous channels, which can ultimately result in avulsion of the channel 

system (Damuth et al., 1988; Posamentier and Kolla, 2003; Fildani and Normark, 2004; 

Armitage et al., 2012; Brunt et al., 2013; Maier et al., 2013; Morris et al., 2014a). 

Therefore, crevasse lobes can represent sand-rich bodies encased within fine-grained 

overbank deposits. Crevasse lobes could be targeted in exploration due to their connection 

to potential hydrocarbon-bearing channel belt sandstones, such as in the Puchkirchen 

foreland channel system (Figure 2.5; Molasse Basin, Austria), which represents the 

largest single-reservoir gas field in the basin (Haidach field; De Ruig and Hubbard, 2006; 

Hubbard et al., 2009). Crevasse lobes from the Puchkirchen channel system developed 

despite the limited accommodation space and the confinement exerted by the foreland 

basin's opposing lateral slopes (Figure 2.5; De Ruig and Hubbard, 2006; Hubbard et al., 

2009).  

Inspired by these studies based on seismic reflection datasets, Chapter 5 aims to 

investigate the bed-scale character of exhumed crevasse lobes in the Ainsa Basin (Spain) 

to improve our understanding of the relationship between active tectonism and crevasse 

lobe development and to assess whether these lobes are different to frontal lobes in 

intraslope settings (Chapters 3 and 4).  
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Figure 2.5. Seismic amplitude map of the Upper Puchkirchen interval. Note the high-

amplitude of the W–E–trending channel belt with crevasse splay or overbank lobes on 

the outer bend of the main channel (top right) and small tributary channel (centre). 

Palaeoflow's direction was towards E. (B) A schematic diagram of the depositional 

system highlights the channel system's main elements in the Puchkirchen and basal Hall 

formations. The Channel belt is 3–5 km wide (De Ruig and Hubbard, 2006). 
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3.1 Abstract 

Submarine landslides can generate complicated patterns of seafloor relief that influence 

subsequent flow behaviour and sediment dispersal patterns. In subsurface studies, the term 

‘Mass Transport Deposit’ (MTD) is commonly used and covers a range of processes and 

resultant deposits. While the large-scale morphology of submarine landslide deposits can be 

resolved in seismic data, the nature of their upper surface and its impact on both facies 

distributions and stratal architecture of overlying deposits is rarely resolvable. However, field-

based studies often allow a more detailed characterisation of the deposit. The early post-rift 

Middle Jurassic deep-water succession of the Los Molles Formation is exceptionally well-

exposed along a dip-orientated WSW-ENE outcrop belt in the Chacay Melehue depocentre, 

Neuquén Basin, Argentina. Twenty-seven (27) sedimentary logs constrained by marker beds 
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were correlated to document the sedimentology and architecture of a > 47 m thick and at least 

9.6 km long debrite, which comprises two different types of megaclasts. The debrite overlies 

ramps and steps, indicating erosion and substrate entrainment. Two distinct sandstone-

dominated units overlie the debrite. The lower sandstone unit is characterised by: i) abrupt 

thickness changes, wedging and progressive rotation of laminae in sandstone beds associated 

with growth strata; and ii) detached sandstone load balls within the underlying debrite. The 

combination of these features suggests syn-sedimentary foundering processes due to density 

instabilities at the top of the fluid-saturated mud-rich debrite. The debrite relief controlled the 

spatial distribution of foundered sandstones. The upper sandstone unit is characterised by thin-

bedded deposits, locally overlain by medium- to thick-bedded lobe axis/off-axis deposits. The 

thin beds show local thinning and onlapping onto the debrite, where it develops its highest 

relief. Facies distributions and stacking patterns record the progradation of submarine lobes 

and their complex interaction with long-lived debrite-related topography. The emplacement of 

a kilometre-scale debrite in an otherwise mud-rich basinal setting and accumulation of 

overlying sand-rich deposits suggests a genetic link between the mass-wasting event and 

transient coarse clastic sediment supply to an otherwise sand-starved part of the basin. 

Therefore, submarine landslides demonstrably impact the routing and behaviour of subsequent 

sediment gravity flows, which must be considered when predicting facies distributions and 

palaeoenvironments above MTDs in subsurface datasets. 

 

3.2 Introduction 

Submarine landslide deposits, or Mass Transport Deposits (MTDs) (Nardin et al., 1979), are 

sedimentary bodies that have been translated downslope from high to low gradient slopes as a 

result of mass failure and gravitational processes (Hampton et al., 1995; Moscardelli and 

Wood, 2008; Ogata et al., 2012; Festa et al., 2016; Kneller et al., 2016). The typically cohesive 
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nature of the flows enables the transportation of large clasts (> 4.1m; herein named megaclasts, 

sensu Blair and McPherson, 1999) (Labaume et al., 1987; Payros et al., 1999; McGilvery and 

Cook, 2003; Lee et al., 2004; Jackson, 2011; Ogata et al., 2012; Hodgson et al., 2019; Nwoko 

et al., 2020a). Megaclasts within MTDs are sourced either from headwall areas or entrained 

from the substrate (Festa et al., 2016; Ogata et al., 2019). These features, accompanied by syn- 

and post-depositional faulting (Dykstra, 2005; Dykstra et al., 2011), generate the 

topographically irregular upper surfaces of MTDs (Moscardelli et al., 2006; Bull et al., 2009). 

 

Deep-water sediment gravity flows interact with the rugose topography of MTDs, which 

influences flow behaviour, deceleration and steadiness (Armitage et al., 2009; Jackson & 

Johnson, 2009; Fairweather, 2014; Ortiz-Karpf et al., 2015, 2017; Steventon et al., 2021), and 

therefore dispersal patterns and depositional architecture (Kneller et al., 2016). MTD surface 

relief has been shown to affect facies distribution and associated sedimentary architecture; this 

has been reported from both outcrop (Pickering and Corregidor, 2005; Armitage et al., 2009; 

Dykstra et al., 2011; Fallgatter et al., 2017; Valdez et al., 2019) and subsurface studies (Ortiz-

Karpf et al., 2017; Nwoko et al., 2020b). However, MTDs may continue to deform after initial 

emplacement through creeping processes (e.g. Butler and McCaffrey, 2010) or secondary mass 

movements (Sobiesiak et al., 2016; Brooks et al., 2018a). Furthermore, the high water content 

within newly deposited MTDs promotes active dewatering at their upper surface (Mulder and 

Alexander, 2001; Talling et al., 2012; Browne et al., 2020) associated with local instabilities 

and movement (Iverson, 1997; Major and Iverson, 1999; Van der Merwe et al., 2009). Fluids 

can also generate overpressure along with the interface between MTDs and their sediment 

cover, exploiting pathways created by internal MTD deformation (Ogata et al., 2012; Migeon 

et al., 2014; Praeg et al., 2014). Therefore, the interaction between the initial topographic relief 

of MTDs, dewatering processes, post-depositional deformation and subsequent sediment 
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gravity flows (and their deposits) is highly dynamic and inherently complex (e.g. Alves, 2015). 

A better understanding of sedimentary processes above MTDs can help subsurface predictions 

of facies distributions, which might have been overlooked due to variable seismic resolution 

and core coverage. Therefore, detailed field-based studies can help to bridge the resolution gap. 

 

Here, an exceptionally well-exposed debrite and overlying sand-rich strata in the Bathonian 

Los Molles Formation are investigated and physically correlated over 9.6 km along a 

depositional dip transect in the Chacay Melehue depocenter (Figure 3.1; Neuquén Basin, 

Argentina). The objectives of this study are to i) document the anatomy and stratigraphic 

architecture of the debrite, ii) investigate the impact of the dynamic upper relief on the 

overlying heterolithic and sand-rich strata, and iii) discuss the role that mass-wasting processes 

may have played as a trigger for subsequent sand-rich sediment supply.  

 

3.3 Geological setting 

The Neuquén Basin is located in central-western Argentina and central-eastern Chile, covering 

an area of > 160,000 km2 (Figure 3.1A). The basin is bounded to the north-east by the Sierra 

Pintada, to the south by the North Patagonian Massif, and since the Early Jurassic, by the early 

Andean magmatic arc to the west (Legarreta and Gulisano, 1989; Suárez and de la Cruz, 1997; 

Franzese and Spalletti, 2001; Howell et al., 2005). The Neuquén Basin contains a > 6 km-thick 

sedimentary succession that spans the Mesozoic to the Late Cenozoic and records several 

unconformities related to tectonic phases (Vergani et al., 1995; Legarreta and Uliana, 1996; 

Howell et al., 2005). Three key tectonic phases are recognised (Vergani et al., 1995; Franzese 

and Spalletti, 2001; Franzese et al., 2003): 1) Triassic-to-Early Jurassic rifting and the onset of 

subsidence; 2) Early Jurassic-to-Early Cretaceous post-rift thermal subsidence associated with 

the development of the Andean magmatic arc and back-arc basin; and 3) Late Cretaceous-to-
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Early Cenozoic Andean compression and foreland basin development. In the western sector of 

the Central Neuquén Basin, the deep- to shallow-marine deposits of the early post-rift Cuyo 

Group (Lower-to-Middle Jurassic) (Gulisano et al., 1984) unconformably overlie the 

continental syn-rift volcano-sedimentary deposits of the Precuyano Group (Gulisano et al., 

1984; Gulisano and Gutiérrez Pleimling, 1995; Legarreta and Uliana, 1996; Pángaro et al., 

2009; Leanza et al., 2013) or the Palaeozoic basement of the Choiyoi Group (Llambías et al., 

2003, 2007) (Figure 3.2A).  

 

This investigation focuses on the Early Bathonian stratigraphy of the Upper Los Molles 

Formation, which forms a ~70 m thick interval characterised by ammonite-rich black shales 

and heterolithic successions comprising tuff layers with an intervening MTD and sandstone 

deposits (Figure 3.2B). 

 

3.3.1. Study area: Chacay Melehue Graben 

The succession in the Chacay Melehue area was deposited in a half-graben (~20 km long) 

(Manceda and Figueroa, 1995; Llambías et al., 2007; Leanza et al., 2013) that occupied the 

western and deepest part of a broader early post-rift depocentre in the Central Neuquén Basin 

(~65 km long) (Manceda and Figueroa, 1995; Veiga et al., 2013). The half-graben shows a 

strong asymmetry due to a steep western margin characterised by the development of the early 

Andean magmatic arc and the location of a major syn-rift fault (Manceda and Figueroa, 1995; 

Suárez and de la Cruz, 1997; Vicente, 2005), which contrasts with the stable and gently dipping 

eastern cratonic margin (Spalletti et al., 2012; Veiga et al., 2013). Deposition of the Los Molles 

Formation occurred during a period of thermal subsidence and regional transgression across 

complex inherited rift topography, which promoted the reduction of sediment supply and sand 

starvation in this part of the basin (Spalletti et al., 2012; Veiga et al., 2013). The proximity to 
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the volcanic arc (~30 km to the west), the abundant volcaniclastic deposits (Zöllner and Amos, 

1973; Rosenfeld and Volldaeimer, 1980; Gulisano and Gutiérrez Pleimling, 1995; Suárez and 

de la Cruz, 1997; Vicente, 2005; Llambías et al., 2007), and palaeocurrent measurements in 

sandstones indicating southeastwards trend reveals that sediment supply feeding the Chacay 

Melehue area during the post-rift was sourced from the western magmatic arc (Gulisano et al., 

1984; Vicente, 2005). The deep-marine deposits of the Los Molles Formation (Weaver, 1931) 

overlie shallow-marine tuffaceous clastic deposits (La Primavera Formation, Suárez and de la 

Cruz, 1997; Llambías and Leanza, 2005) and carbonate deposits of the Chachil Formation 

(Pliensbachian to Early Toarcian, Weaver, 1942; Kamo and Riccardi, 2009; Leanza et al., 

2013; Riccardi and Kamo, 2014), deposited with the first marine incursion in the basin 

(Gulisano and Gutiérrez Pleimling, 1995; Leanza et al., 2013) (Figure 3.2A). 

Chronostratigraphic studies based on ammonite biostratigraphy (Gulisano and Gutiérrez 

Pleimling, 1995; Riccardi, 2008) and U-Pb radiometric dating (Kamo and Riccardi, 2009; 

Leanza et al., 2013; Riccardi and Kamo, 2014), place the Los Molles Formation in the Chacay 

Melehue region as Early Toarcian-to-Early Callovian in age (Gulisano and Gutiérrez 

Pleimling, 1995) (Figure 3.2C). The succession of the Los Molles Formation in the Chacay 

Melehue depocentre is 850 m thick (Figure 3.2B). A 55 m thick sandstone-prone interval in 

the lower succession represents an Aalenian turbidite system (interval II of Gulisano and 

Gutiérrez Pleimling, 1995). The overlying Bathonian section of the Los Molles Formation (up 

to 200 m thick) (Figure 3.2B) is mainly represented by mudstone and heterolithic successions, 

including a 70 m thick interval (study interval; Figure 3.2C) of deformed sand- and mud-rich 

deposits (interval IV of Gulisano and Gutiérrez Pleimling, 1995). The overlying Lower 

Callovian strata of the Los Molles Formation is characterised by a 300 m thick interval of thin-

bedded mudstone. It is overlain by either the fluvial Lotena Formation (Gulisano and Gutiérrez 

Pleimling, 1995; Veiga et al., 2011) or evaporites (Tábanos Formation; Figure 3.2D), which 
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record a period of basin desiccation (Legarreta, 1991; Gulisano and Gutiérrez Pleimling, 1995; 

Legarreta and Uliana, 1996).  

 

Figure 3.1. (A) Location map of the Neuquén Basin and the study area Chacay Melehue (red 

star). (B) Location map of the study area. (C) Map of the Chacay Melehue area with the 

formations (modified from Llambías et al. 2007) and the locations of the logs. See the studied 

units and their distribution. 
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Figure 3.2. (A) General stratigraphic column of Chacay Melehue Graben (modified after 

Gulisano and Gutiérrez Pleimling (1995), Llambías et al. (2007) and Leanza et al. (2013)). (B) 

Stratigraphic column of Los Molles Formation and the Tábanos Formation in the Chacay 

Melehue Graben (modified after Gulisano and Gutiérrez Pleimling (1995)). (C) Schematic log 

of the study interval. (D) Panoramic view from UAV photograph (car on the road for scale) 

showing the deep-water Los Molles Formation overlain by evaporitic deposits of the Tábanos 

Formation. The study interval and the two datums used to constrain the base and top of the 

correlation panel are shown. See the location of logs CML-19, -20 and -21 in Figure 3.1C. 
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3.4 Methodology 

The sedimentology and stratigraphic architecture of a 70 m thick interval (Figure 3.1C and 

Figure 3.2C) within the Upper Los Molles Formation were investigated along a 9.6 km long 

and WSW-ENE orientated outcrop belt (Figure 3.1C). The succession dips 10-20° to the SE, 

with minimal structural overprint from the later tectonic inversion. Twenty-seven (27) 

sedimentary logs were measured at 1:25 to 1:40 scale along this transect (CML-1 to CML-27 

from SW to NE) to document the broad depositional architecture of 4 different units (Unit 1, 

2, 3, 4A and 4B) (Figure 3.2C). Ten detailed logs were measured at a 1:2 scale at specific 

locations to document fine-scale thickness and facies changes. Four marker beds were used to 

build a robust physical correlation between sedimentary logs (Figure 3.3). The marker beds are 

i) Datum A, or the 'Burro' marker bed, a light-grey indurated graded siltstone at the base of the 

study interval (Figure 3.2C, Figure 3.3 and Figure 3.4A); ii) a gravelly thin-bed (Figure 3.4I) 

and iii) a tuff layer (Figure 3.4J), both within one of the studied units (Unit 4A); and iv) Datum 

B, a tuff layer overlying the study interval (100-150 m above) across the study area (Figure 

3.2D). Uncrewed Aerial Vehicle (UAV) photogrammetry (Figure 3.2D) was used in 

conjunction with standard field techniques, such as mapping and logging, to capture the micro- 

and macro-scale features of the investigated stratigraphic units. Fifty-eight (58) palaeocurrent 

measurements were collected, consisting of ripples, cross-bedding, flame structure and 

convolute lamination vergence from bed tops of sandstones, and plotted in rose diagrams.  

 

3.5 Results: subdivision and characterisation of sedimentary Units 1-4 

The study interval is subdivided informally into four different units (Figure 3.2C) based on 

their distinctive facies (Table 1) and stratal relationships.  
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3.5.1. Unit 1 

Description: Unit 1 is 5.5-28 m thick and contains the Burro marker bed (Datum A) (Figure 

3.2C), a graded siltstone bed that is sharply overlain by light-grey fine-grained, planar-parallel 

laminated sandstone (Figure 3.4A). This unit is truncated by the basal surface of Unit 2 and is 

thinnest in the central sector of the exposure (see sections CML-9 to CML-16 in Figure 3.3). 

Unit 1 comprises a heterolithic succession of planar-parallel laminated mudstones (F1) and 

thin-bedded (< 0.1 m thick) normally graded, well-sorted siltstones (F2) to very fine-grained 

sandstones (F3), and occasional medium-bedded structureless sandstones (F5) (Figure 3.4A, 

Figure 3.4B and Figure 3.4C). When traced from west to east, the thin-bedded sandstones show 

subtle lateral fining and thinning, transitioning from heterolithic succession to mudstone-prone 

succession. Unit 1 is rich in ammonites, belemnite rostrums and bivalves, as well as calcareous 

concretions (Damborenea, 1990; Gulisano and Gutiérrez Pleimling, 1995; Riccardi et al., 

2011).  

 

The central and eastern sectors contain a discrete stratigraphic interval that exhibits deformed 

bedding (Figure 3.4B). This interval is thickest (at least 10 m; Figure 3.3B) in the central sector, 

where, internally, it exhibits an array of imbricated decametre-scale east-verging thrusts (offset 

< 2 m) and associated drag folds (Figure 3.4B). The thrusts originate from a bed comformable 

surface, leaving the underlying bedding undeformed. In the eastern sector, a thin (~5 m thick) 

interval of intense deformation is characterised by open folds and minor thrusts (offset < 1 m). 

Unit 1 stratigraphy in the western sector lacks any deformation (Figure 3.3B) 

 

Interpretation: The laminated mudstones, graded siltstones and thin sandstone beds are 

interpreted as deposits of low-density turbidity currents (Allen, 1982b; Trabucho-Alexandre et 

al., 2012; Könitzer et al., 2014), whereas the medium-bedded sandstones represent the deposits 
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of medium- to high-density turbidity current (Talling et al., 2012). The laterally extensive 

character, mudstone dominance, and overall eastward (downdip) fining and thinning trend of 

thin-bedded sandstones of Unit 1 suggest deposition from low-energy sediment gravity flows 

in distal areas (e.g. Mutti, 1977), with possible distal lobe fringe deposits (Boulesteix et al., 

2020). The discrete intervals of deformed bedding found in the upper parts of Unit 1 represent 

a post-depositional sheared zone linked to the overlying Unit 2. 

 

3.5.2. Unit 2 

Description: Unit 2 has an unconformable basal contact that truncates Unit 1 in the central 

sector (Figure 3.2 and Figure 3.3). The relief of the basal contact is characterised by down- and 

up-stepping segments (ramps, > 2°) linked by bedding-parallel segments (flats). The average 

thickness of Unit 2 is 20-30 m but can locally reach up to > 47m in the central sector and 

abruptly thins to < 8 m towards the eastern and western sectors (Figure 3.3). This change in 

thickness coincides with deeper erosion on the basal surface.  

 

Unit 2 is characterised by a matrix-supported medium-grained muddy sandstone to sandy 

mudstone and is very poorly sorted throughout, ungraded, and with a chaotic distribution of 

outsized clasts (F14; Figure 3.4H). Clasts range in character and size from granular quartz 

grains and rounded volcanic epiclasts to much larger megaclasts (> 4.1-140 m long) (Hodgson 

et al., 2019) of either conglomeratic or heterolithic lithology (Figure 3.2C, Figure 3.4F and 

Figure 3.5). The chaotic distribution of polymictic clast encased into a muddy sand matrix is 

responsible for the block-in-matrix fabric (e.g. Ogata et al., 2012). Typically, conglomeratic 

megaclasts are rounded, elongated and weakly deformed (Figure 3.4F and Figure 3.4G) and 

are clast-supported, with well-rounded to sub-angular clasts (0.03-1 m diameter) and fragments 

of thick-shelled bivalves (oysters; Figure 3.4G). These oyster-bearing conglomeratic 
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megaclasts are preferentially located near the base of Unit 2 (Figure 3.2C, Figure 3.2D and 

Figure 3.3B). In contrast, heterolithic megaclasts are angular and characterised by internally 

folded packages of planar laminated and normally graded thin-bedded material (Figure 3.5) 

and preferentially distributed toward the top of Unit 2 (Figure 3.2CFigure 3.3B). This 

heterogeneity promotes a homogeneous matrix-rich texture in the middle division. Apart from 

the irregular basal contact of Unit 2, thickness changes within the unit are strongly controlled 

by the rugose upper surface. Kilometre-scale wavelength (1-3 km) and metre-scale amplitudes 

(0.5-8 m) are responsible for a complex supra-debrite topography.  

 

Interpretation: The sedimentary characteristics of this unit, such as the chaotic distribution of 

(mega)clast floating onto a muddy sandstone to sandy mudstone matrix, suggest near-

instantaneous deposition from a flow with high yield strength and buoyant support that could 

transport clasts up to 140 m long (Stow and Johansson, 2000; Mulder and Alexander, 2001). 

Using Datum A, the debrite formed a long-wavelength mounded top (Figure 3.3), attributed to 

the parental flow's cohesive nature and en-masse freezing. Unit 2 is interpreted as a cohesive 

debris flow deposit (Talling et al., 2012). The ramp and flat geometry at the base of Unit 2 

indicate the debris flow's erosive nature (e.g. Lucente and Pini, 2003). The similarity in 

composition between the heterolithic megaclasts and underlying Unit 1 suggests entrainment 

of deep-marine substrate blocks due to the shear stress exerted by the overriding debris flow 

(Van der Merwe et al., 2009; Watt et al., 2012; Ogata et al., 2014a; Hodgson et al., 2019). In 

contrast, the sand content in the matrix and the oyster-bearing conglomerate megaclasts suggest 

a shallow marine origin of the mass failure (e.g. Ogata et al., 2012). Alternatively, the 

megaclasts bearing shells could come from the remobilization of older slope strata, including 

shallow-marine deposits (La Primavera Formation; Suárez and de la Cruz, 1997; Llambías and 
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Leanza, 2005). The two distinct megaclast sources suggest long-distance transport of clasts and 

flow bulking through local substrate entrainment (e.g. Sobiesiak et al., 2016).  

 
Figure 3.3. Correlation panels show the spatial relationship between stratigraphic units in the 

Bathonian succession of the Los Molles Formation and the different depositional architectures 

constrained by flattening on the top and basal datums. (A) Correlation panel including Units 1 

to 4 with the Tuff marker as a datum (Datum B) showing stepped slope. (B) Correlation panel 

with the basal Burro marker bed (Datum A) as a datum showing the complex ramp-flat 

geometry and the basal-shear zone elements (brown coloured zone) at the base of Unit 2 and 

the correlation within Unit 4A based on two continuous sandstone marker beds. Note the 

heterogeneous distribution of Unit 3 and the pinching of Unit 4B in the central sector. 
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Figure 3.4. Representative sedimentary facies photos. (A) Unit 1: Planar-laminated mudstone 

(F1) with a few thin- to medium-bedded intercalated siltstone beds (F2) (Burro marker bed; 

Datum A) and sandstone beds (F5). (B) Unit 1: Basal shear-zone characterised by imbricated 

thrusts with drag folding. Geologist for scale. (C) Unit 4A: Heterolithic deposits consisting of 

the alternation between siltstones (F2) to (very) fine-grained sandstones (F3). (D) Unit 4A: 
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Gravelly thin bed (F4) locally eroded into fine-grained sandstones (F3). (E) Unit 4A: Medium-

bedded sandstones with cross-bedding (F6). (F) Unit 2: 140 m long conglomerate megaclast, 

bearing oyster and belemnite fragments and sitting above Unit 1. See a fragment of an oyster 

in the inset (G). (H) Unit 2, 3 and 4A: Foundered sandstones onlapping the matrix-rich debrite 

(F14) with deformed heterolithic megaclasts draped by the thin-bedded deposits of Unit 4A. 

(I) Unit 4A: Gravelly and (J) Tuff-marker bed within 4A. See the correlation in Figure 3.3 and 

Figure 3.9 (red and white dashed lines). (K) Unit 4B: Amalgamated medium- (F6) to thick-

bedded (F11) sandstones. (L) Unit 4B: Medium-bedded banded sandstone (F7) overlain by 

massive matrix-poor sandstones (F5). Note the vergent flame structures within the 

amalgamation surface. (M) Unit 4B: Thin- (F9) and medium-bedded (F10) hybrid event beds 

with a linked debrite consisting of matrix-rich sandy division with elongated mudstone clasts. 

 

LITHOF

ACIES 

LITHOLO

GY 
DESCRIPTION 

THIC

KNE

SS 

PROCESS 

INTERPRETATION 

F1: 

Laminat

ed 

mudston

e. 

Mudstone. 

Dark-coloured planar 

parallel laminated 

mudstone with ammonites. 

Concretionary horizons 

are common. 

0.1-3 

cm 

Deposits from dilute 

sediment gravity under 

relative dysoxic-anoxic 

conditions (Trabucho-

Alexandre et al., 2012; 

Könitzer et al., 2014). 

F2: 

Graded 

siltstone

. 

Graded 

siltstone. 

Normally graded from 

silty bases to mud-rich 

tops. Usually structureless, 

although planar parallel-

laminations are common. 

1-5 

cm 

Deposition under low-

density turbidity current 

(Allen, 1971b). 

F3: 

Thin-

bedded 

fine-

grained 

sandston

es. 

Very fine- 

to fine-

grained 

sandstones

. 

Normally graded, well-

sorted thin-beds. Fine-

grained bases and very 

fine-grained tops. 

Structureless at the base 

with planar laminated tops. 

Rare starved ripple 

lamination at bed tops. 

1-10 

cm 

Deposition and tractional 

reworking by low-density 

turbidity current (Allen, 

1971b, 1982b; Jobe et al., 

2012). 

F4: 

Thin-

bedded 

granular 

sandston

es. 

Granular- 

to 

medium-

grained 

sandstones

. 

Normally graded, well-

sorted, coarse-grained to 

granular- sandstones. 

Sharp planar base and top. 

1-10 

cm 

Deposition from partially 

bypassing turbidity currents 

(Stevenson et al., 2015). 

F5: 

Medium

-bedded 

Very fine- 

to 

medium-

Structureless, normally 

graded sandstones. Bed 

bases are medium-grained, 

10-50 

cm 

Deposition from high-

density turbidity currents. 

High-aggradation rates 

inhibited the formation of 
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sandston

es. 

grained 

sandstone. 

grading up until fine-

grained. 

sedimentary structures 

(Talling et al., 2012). 

F6: 

Thin-

bedded 

cross-

stratified 

sandston

es. 

Granular- 

to 

medium-

grained 

sandstones

. 

Normally graded, well-

sorted thin-beds. Foreset 

heights range from 5 to 7 

cm, and angles vary 

between 10° and 35°. 

Erosional bases are 

common. Sharp contacts 

with planar base and 

undulatory top. 

5-10 

cm 

Partially bypassing flow 

(Stevenson et al., 2015) that 

reworked the previously 

deposited coarse fraction. 

Cross-bedding is attributed 

to high-magnitude steady 

parental flow (Arnott, 2012; 

Talling et al., 2012).  

 

F7: 

Medium

-bedded 

banded 

sandston

es. 

Banded 

sandstones 

with sharp 

alternation 

between 

darker and 

lighter 

bands.  

Sandstones comprise 

alternation between 

matrix-poor light bands 

and matrix-rich dark bands 

(0.2 to 2 cm thick). Similar 

grain size (fine to medium) 

along with different bands. 

The bed bases can be 

structureless. 

10-50 

cm 

Deposits beneath mud-rich 

transitional plug flow 

formed by tractional 

reworking within the upper 

stage plane bed flow regime 

(Baas et al., 2009, 2011b; 

Baas et al., 2016; Stevenson 

et al., 2020). 

 

F8: 

Thick-

bedded 

banded 

sandston

es with 

mudston

e clast. 

Banded 

sandstones 

with 

diffuse 

alternation 

between 

darker and 

lighter 

bands. 

Lighter 

bands are 

grain-

supported, 

while 

darker 

bands are 

matrix-

supported, 

with 

abundant 

mudstone 

clasts. 

Sandstones comprise 

banding between matrix-

poor light bands and 

matrix-rich mudstone clast 

(millimetric scale) bearing 

dark bands (0.5-2 cm). 

Banding is diffuse and can 

be developed throughout 

the bed or from the middle 

to the top of the bed, 

commonly overlaid by 

convolute lamination. 

Laminae show local tilting 

and increasing spacing 

between laminae. 

50-

150 

cm 

Rapid aggradation and 

episodic damping of near-

bed turbulence due to clay 

flocs disaggregation (Lowe 

and Guy, 2000). Increasing 

spacing between laminae is 

attributed to growth strata 

due to foundering processes. 

F9: 

Thin-

bedded 

Silty 

sandstone. 
Structureless bases with 

linked argillaceous, 

1-

10cm 

Distal deposits are the 

product of en masse 

deposition and potentially 
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hybrid 

event 

beds. 

ungraded and poorly-

sorted top divisions. 

behave as transitional to 

laminar flows (Kane et al., 

2017). 

F10: 

Medium

-bedded 

hybrid 

event 

beds. 

Bipartite 

sandstones 

with 

matrix-

poor basal 

divisions 

and upper 

argillaceo

us 

mudstone-

clast prone 

division. 

Bipartite sandstone beds 

are characterised by a 

matrix-poor structureless 

lower division passing 

gradually into linked 

mudstone clasts with 

matrix-rich upper division. 

10-50 

cm 

Deposits formed under 

transitional flows. Erosion 

and incorporation of 

intrabasinal clasts. The 

entrained substrate was 

rapidly disaggregated within 

the flow resulting in clast-

rich and clay-rich divisions 

at the bed top. The flows 

increased in concentration 

but had not developed stable 

density stratification 

(Haughton et al., 2003; 

Davis et al., 2009; Hodgson, 

2009; Kane and Pontén, 

2012; Kane et al., 2017).  

F11: 

Thick-

bedded 

sandston

es. 

Structurel

ess 

sandstone. 

Structureless, thick-

bedded argillaceous 

sandstones, lacking 

mudstone clasts. High 

amalgamation rations and 

erosional beds when lying 

above fine-grained 

intervals. Banding is 

locally developed at bed 

tops, alternating between 

matrix-poor light bands 

and matrix-rich dark bands 

(0.2 to 2 cm thick). Similar 

grain size (fine to medium) 

along with different bands. 

Heterolithic bedforms and 

pinch-and-swell 

geometries can be 

developed. 

0.5-

1.2 m 

Deposition under high-

density turbidity currents 

(sensu Lowe, 1982), formed 

by incremental layer-by-

layer deposition with high 

aggradation rates (Kneller 

and Branney, 1995; Sumner 

et al., 2008; Talling et al., 

2012). The banding 

represents planar lamination 

(Tb division) (Stevenson et 

al., 2020). 

F12: 

Thick-

bedded 

structure

less 

matrix-

poor 

sandston

es with 

normall

Structurel

ess 

sandstones 

with 

mudstone 

clasts at 

the base. 

Structureless thick-

bedded, medium- to 

coarse-grained, crudely 

normally graded 

sandstones with low-

matrix content. They 

contain some mudstone 

clasts (0.1-1 m) with 

diffuse boundaries 

preferentially located at 

0.5-2 

m 

Deposition under high-

density turbidity currents 

(sensu Lowe, 1982), formed 

by incremental layer-by-

layer deposition with very 

high aggradation rates 

(Kneller and Branney, 1995; 

Sumner et al., 2008; Talling 

et al., 2012). Mudstone clast 

is entrained due to erosion of 



Chapter 3: Substrate entrainment, depositional relief, and sediment capture: impact of a submarine landslide on 

flow process and sediment supply 

99 
 

y graded 

mudston

e clast. 

the base, which show 

coarse tail grading. 

Mudstone diapirs along 

the basal interface are 

common. 

an unconsolidated debrite 

(Unit 2) and syn-

sedimentary buoyancy 

product of density 

instabilities (Owen, 1987, 

2003). 

F13: 

Thick-

bedded 

structure

less 

matrix-

rich 

sandston

es with 

ungrade

d 

mudston

e clast. 

Argillaceo

us 

sandstone 

with 

abundant 

mudstone 

clasts. 

Structureless thick-

bedded, fine- to medium-

grained, ungraded 

sandstones with very high-

matrix content and 

abundant decimetric 

mudstone clasts (0.1-1 m) 

randomly distributed. 

0.5-2 

m 

Moderate-strength cohesive 

debris flows derived from 

mudstone clast entrainment 

and disaggregation. 

Mudstone clasts are 

supported by their positive 

buoyancy with respect to the 

surrounding matrix and the 

matrix strength (Talling et 

al., 2012). 

F14: 

matrix-

supporte

d 

conglom

erates. 

Mud-rich 

medium-

grained 

sandstone 

to sandy 

mudstone. 

Poorly sorted, ungraded 

with a chaotic distribution 

of outsized clasts (up to 

140 m long). Irregular and 

sharp contacts. Bases can 

be erosive and undulatory 

tops. 

7.4 – 

47.9 

m 

Cohesive debris-flow 

deposits (Talling et al., 

2012) with near-

instantaneous deposition 

from a flow with high yield 

strength and buoyant 

support. 

Table 3.1. Descriptions of the facies recognised in the Los Molles stratigraphy of the Chacay 

Melehue area, including lithologies, thicknesses, and interpretations of their depositional 

processes. 

 

3.5.3. Unit 3 

Description: Unit 3 (0-4 m thick) is composed of thick sandstone beds (0.5-2 m) with sharp, 

irregular concave-up bases and abrupt pinch-out terminations, which result in a disconnected 

distribution of packages of wedge-shaped sandstone bodies (Figure 3.3) (see architecture 

section). Unit 3 is only present where Unit 2 is relatively thin (in the eastern-central and western 

sectors) and is absent in the central region where Unit 2 shows its maximum thickness (Figure 

3.3). Where Unit 3 is absent, Unit 4 overlies Unit 2 (Figure 3.3). Unit 3 comprises bed types 

characterised by two main amalgamated divisions (lower and upper divisions) with some grain-
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size breaks lacking any mudstone- and siltstone-rich bounding intervals (Figure 3.6). The basal 

interface of these sandstone bodies shows centimetre-scale undulations characterised by 

abundant load casts, semi-detached ball structures, and mudstone intrusions (diapirs and 

injectites) originating from Unit 2 (Figure 3.6). 

 

Two types of thick-bedded amalgamated sandstone facies dominate the lower division, which 

varies along the transect (Figure 3.6 Figure 3.8). Grain-size breaks define amalgamation 

surfaces within sandstones. In the western sector, and more rarely in the eastern sector, the 

lower divisions are thick-bedded (0.5-2 m thick), structureless, weakly normally graded, 

moderately- to poorly-sorted sandstones (F12). At bed bases, these sandstones comprise well-

rounded (0.1-1 m diameter) mudstone clasts of low-sphericity and diffuse boundaries 

(mudstone clast type A), which show a coarse tail grading (Figure 3.6). Locally, in the eastern 

sector, lower divisions of these sandstone bodies comprise thick-bedded, structureless, very 

poorly-sorted, more argillaceous sandstones with abundant mudstone clasts (0.1 - 1 m 

diameter) with very diffuse boundaries (mudstone clast type A), which are ungraded and 

randomly orientated (F13) throughout the encasing matrix (Figure 3.6).  

 

The lower division of Unit 3 sandstone bodies is overlain by an upper division (up to 2 m thick), 

which comprises coarse to very fine-grained, normally graded, moderately- to poorly-sorted 

sandstones (0.5-1.7 m) (Figure 3.6). Banding can be developed throughout the bed or overlying 

a structureless division (Figure 3.6). The banding is characterised by an alternation between 

lighter matrix-poor bands and darker matrix-rich bands that comprise bedding parallel 

millimetric mudstone clast with sharp boundaries (mudstone clast type B) (F8; Figure 3.6C). 

Contacts between bands are diffuse (Figure 3.6B and Figure 3.6F). The spacing between the 

individual bands (0.5-2 cm) increases from the margin to the central parts of the sandstone 
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body, commonly showing rotation (Figure 3.6E). These sandstones develop symmetrical and 

asymmetrical convolute lamination at bed tops (predominant vergence towards NE; Figure 

3.6D). Decimetre-scale long and centimetre-scale thick mudstone injections can be observed 

within this division (Figure 3.6B). 



Chapter 3: Substrate entrainment, depositional relief, and sediment capture: impact of a submarine landslide on 

flow process and sediment supply 

102 
 

 
Figure 3.5. (A) Panorama of the exposure showing the upper division of Unit 2 overlaid by 

Unit 3 foundered sandstone. (B) Sketched exposure of A. Note the matrix-supported texture 

and the chaotic distribution of clasts. (C) and (D) the same exposure of (A) from a different 

perspective. Note the unconformable base and conformable flat top interface of Unit 3 

sandstones.  
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Figure 3.6. Foundered sandstones (Unit 3) diagram. (A) Illustrative correlation of sandstone 

foundering (Unit 3) into debrite (Unit 2). Note the difference between the conformable bed 

tops of matrix-poor and traction-dominated sandstones (right-hand stereonet) and the mudstone 

clast- and matrix-rich sandstone texture near the unconformable bed bases (left-hand 

stereonet), which shows the architecture of these sandstone bodies. (B) Thick-bedded banded 

sandstones with bedding-parallel sill injection (F8). See mudstone clasts (type B) in the inset 

(C). (D) Convolute-laminae with NE vergence. (E) Sandstones showing rotation and growth 

strata. (F) Lower division comprising thick-bedded structureless argillaceous (F13) sandstone 

division with a patchy and random distribution of mudstone clasts overlain by upper division 

comprising thick-bedded banded sandstones (F8). (G) Thick-bedded structureless sandstone 

with an undulating irregular base comprising decimetre-scale mudstone clasts (type A) (F12). 
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Interpretation: The wedge-shaped and deformed concave-up basal contacts of the sandstone 

bodies beds in Unit 3 are interpreted to reflect the interaction with the rugose upper surface and 

syn-sedimentary foundering of sand into the underlying mud-rich debrite (Figure 3.6). 

Foundering is driven by instability due to the density contrast between the sand deposited above 

a less dense debrite (density loading) and lateral changes in sediment load (uneven loading) 

(Owen, 1987, 2003) produced by the short-wavelength rugosity of the upper surface. The lack 

of sedimentary structures in the lower divisions of bed types recognised in Unit 3 is interpreted 

as a product of hindered settling from highly concentrated gravity flows, resulting in turbulence 

damping and rapid deposition (Talling et al., 2012), inhibiting any period of traction (Sumner 

et al., 2008). The normally graded lower divisions were produced by incremental layer-by-

layer deposition from high concentration gravity flows, such as high-density turbidity currents 

(sensu Lowe, 1982). In contrast, the thick-bedded argillaceous sandstones with ungraded 

mudstone clasts observed in the distal areas (eastern sector) are interpreted as moderate-

strength cohesive debrites (sensu Talling et al., 2012). The decimetre-scale mudstone clasts 

(type A) were transported due to the matrix strength of the debris flows and their positive 

buoyancy with respect to the encasing matrix. 

 

The lateral facies transition from high-density turbidites to moderate-strength cohesive debrite 

suggests a flow transformation due to the entrainment of cohesive material from the underlying 

debrite (e.g. Kane and Pontén, 2012; Baker et al., 2017). The unconsolidated state of the debrite 

might have enhanced the substrate entrainment of decimetre-scale mudstone clasts (type A) 

and disaggregation (as indicated by the diffuse boundaries; Figure 3.6G), increasing the amount 

of mud and, therefore, the cohesiveness of the flow. Based on facies juxtaposition, the 

foundered sandstones can be subdivided into two different facies associations: 1) proximal and 

2) distal, foundered sandstone facies associations (Figure 3.8). High-density turbidites and 
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moderate-strength cohesive debrites are characterised by rapid deposition (incremental 

deposition and en masse freezing, respectively), triggering the liquefaction of the fluid-

saturated and unconsolidated upper surface of the debrite and foundering of sand. The 

undulations of the concave-up basal interface reflect complex interactions with the substrate: 

as the denser sand sank into the fluid-saturated muddy substrate, the buoyancy of mud 

promoted the syn- to post-depositional intrusion (mud diapirs and injectites) of the substrate 

into sandstones. The most advanced stage of foundering is observed when detached sand-balls 

develop (Figure 3.5; Owen, 2003; Tinterri et al., 2016). 

 

In contrast, the banded sandstone characteristic of the upper divisions is interpreted to be 

formed under episodic near-bed turbulence damping at high deposition rates (Lowe and Guy, 

2000). The juxtaposition of the banded sandstones over the mudstone-clast bearing sandstones 

of the lower divisions suggests highly stratified flows, mixing and upwards transfer of 

centimetre-scale mudstone clast (type B) and the cohesive material from the disaggregation of 

the entrained decimeter-scale mudstone clast (type A). This enrichment in cohesive clayey 

material triggered the periodic suppression of turbulence and, therefore, banding development. 

The banding passes into convolute laminations towards the top, indicating moderate deposition 

rates. The vergence of convoluted laminations suggests syn-sedimentary shear stress exerted 

by the overriding flow (McClelland et al., 2011; Butler et al., 2016) and flow-rebound produced 

by the underlying debrite relief (e.g. Tinterri et al., 2016). 

 

3.5.4. Unit 4 

Description: Unit 4 (10-27.3 m thick) has a sharp and concordant contact with the underlying 

Unit 2 and Unit 3 (Figure 3.2C). It comprises two sub-units: a lower heterolithic interval (Unit 

4A) and an upper sandstone-prone interval (Unit 4B; Figure 3.2C and Figure 3.3). Unit 4A is 
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a thin- to medium-bedded (0.01-0.5 m; Figure 3.4H) heterolithic succession (F1, F2, F3 and 

F5) with a maximum thickness of 22 m, thinning to 8 m in the central sector above where Unit 

2 is thickest (Figure 3.3 and Figure 3.9). Most thin beds (0.01-0.1 m thick) are fine- to medium-

grained normally graded sandstones, matrix-poor, moderately well-sorted, and structureless 

with common planar-parallel lamination and/or starved-ripple lamination near bed tops (F3). 

Palaeocurrent measurement shows a consistent flow trend towards the NE (Figure 3.9). Unit 

4A also comprises coarse- to granular normal-graded sandstones, relatively low matrix content 

with common grain-size breaks (0.07-0.2 m thick), erosive bases and sharp-planar tops (F4; 

Figure 3.4D) and two medium-bedded matrix-supported conglomerates with sandstone clasts 

(F14; 0.25 and 0.35 m thick, respectively) that pinch out towards the central sector (Figure 3.9). 

One of these thin gravelly beds, which lacks any lateral thinning or fining trend (Figure 3.4I), 

was traced across the exposure (gravelly marker bed; dashed red line in Figure 3.9). In addition, 

a 0.15 m thick tuff layer (Figure 3.4J) was also used for correlation purposes (tuff marker bed; 

dashed white line in Figure 3.9). The medium-bedded sandstones (0.1–0.5 m thick) are 

structureless, ungraded, with planar-parallel and convolute lamination at bed tops, except one 

that shows cross-bedding (F6; Figure 3.4E). These sandstones have sharp bed bases and tops 

and lack mudstone clasts. In the eastern sector, Unit 4A is dominated by thin- to medium-

bedded heterolithic succession that lacks any gravelly (F5) or matrix-supported conglomerate 

beds (F14) (Figure 3.7 and Figure 3.9). 

 

Unit 4B (5.7 m thick in the western sector) thins eastwards along a 4.3 km transect until it 

pinches out and a facies transition occurs, where Unit 2 is thickest (Figure 3.3 and Figure 3.9). 

In the western sector, it dominantly comprises medium- (F5; Figure 3.4K) to thick-bedded 

sandstones (F11; Figure 3.4K), with less common ‘bipartite’ sandstone beds (F9 and F10) 

composed of a matrix-poor lower division and a matrix-rich upper division with mudstone 
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clasts. Conformable bases and sharp tops characterise the thick-bedded sandstones (0.5-1.2 m). 

Where the thick-bedded sandstones are not amalgamated, they are intercalated with centimetre-

thick beds of fine-grained material (F1 and F2), and bed bases are loaded locally. The thick-

bedded sandstones are normally graded from medium to fine sand, well-sorted with rare 

centimetric mudstone clasts at the bed top. Soft-sediment deformation structures, such as 

centimetre-scale flames with NE vergence, are also common at bed bases and along 

amalgamation surfaces (Figure 3.4L). Banded sandstones are medium-bedded (0.1-0.5 m), 

fine- to medium-grained, and characterised by alternating between light- and dark-coloured 

bands, ranging from 0.2 to 2 cm thick (F7; Figure 3.4L). Both band types show a similar 

maximum grain size, although the darker bands are matrix-rich and light bands are matrix-

poor. Banding is generally sub-parallel to bedding. Although banded sandstones are more 

commonly associated with thick-bedded structureless sandstones, the banded sandstones can 

be individual event beds, with banding above the structureless basal division. The medium-

bedded bipartite sandstone beds (0.1-0.5 m) consist of a medium-grained, matrix-poor and 

structureless lower division, which is overlain by a fine-grained matrix-rich upper division 

characterised by poor sorting and abundant mudstone clasts (0.05-0.3 m) with low sphericity 

and variable roundness (F9 and F10; Figure 3.4M). The lower and upper divisions show a 

gradual upwards increase in matrix content rather than across a sharp boundary. When Unit 4B 

is traced eastwards towards the central sector, the sandstone package transitions into a few thin 

beds (0.1 m thick) of weakly graded, very poorly-sorted matrix-rich sandstone, lacking the 

mudstone clasts observed in western areas. Unit 4B is absent in the eastern sector (Figure 3.9). 

 

Interpretation: In Unit 4A, the thin sandstone beds showing planar and cross ripple laminations 

support an interpretation as low- to medium-density turbidites (Talling et al., 2012). The 

starved-ripple lamination observed in thin-bedded sandstones is interpreted as the reworking 
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of sand deposited by dilute flows with low sedimentation rates (Talling et al., 2007; Jobe et al., 

2012). The intercalation of thin-bedded sandstones with finer-grained deposits suggests a lobe 

fringe environment (Lobe fringe facies association; Figure 3.8) (Prélat et al., 2009; Spychala 

et al., 2017b). The abundant coarse-grained to gravelly thin-bedded sandstones in the western 

sector record intermittent energetic coarse-grained flows, suggesting sporadic sediment bypass 

processes (Stevenson et al., 2015). However, the low matrix content within the granular beds 

suggests a sediment source area where only coarse- to granular grain size was available. The 

intercalation of such different facies suggests the juxtaposition of depositional environments 

of contrasting energy and/or different sediment sources. Either scenario could be possible given 

the complex sediment routing patterns and multiple transverse or axial sources available in the 

Neuquén Basin during the early post-rift setting (Vicente, 2005; Privat et al., 2021) and by 

analogy to other post-rift settings (e.g. Lien, 2005; Fugelli and Olsen, 2007; Hansen et al., 

2021). The mass failure would trigger a new coarse-grained source due to slide scar position 

and geometry, promoting intermittent sand supply to an otherwise sand-starved environment 

(see ‘Origin and role of the mass-wasting process as a trigger for turbidite systems 

development’ in discussion). The downdip variability in the thickness of Unit 4A (from 22 to 

8.5 m thick), reduction in gravelly sandstone content, and the stratigraphic thinning between 

the granular marker bed (red dashed line in correlation) and the top debrite (Unit 2) reveal the 

existence of subtle relief on the debrite surface (Figure 3.9). Furthermore, the two poorly 

sorted, ungraded muddy sandstones, interpreted as debrites due to their chaotic distribution of 

clast within the argillaceous matrix, also pinch out towards the central sector. The ripples and 

convolute laminae with SW vergence (Figure 3.9) contrast with the consistent NE paleoflow, 

suggesting local flow deflection (cf. Tinterri et al., 2016) in the central sector, where the debrite 

relief is highest, indicating the interaction between sediment gravity-flows and the upper 

surface of the debrite. 
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Massive medium- to thick-bedded deposits of Unit 4B are interpreted as high-density turbidites 

formed by incremental layer-by-layer deposition with high aggradation rates (Kneller and 

Branney, 1995), interpreted to represent proximal lobe axis environments (lobe axis facies 

association; Figure 3.8) (e.g. Prélat et al., 2009; Kane et al., 2017). The location of these facies 

in the westernmost sector, and the palaeoflow measurements, suggest that the western sector 

was relatively proximal. Banded sandstones represent the deposits of mud-rich transitional 

flows formed by tractional reworking (Stevenson et al., 2020). The bipartite beds consisting of 

a basal structureless to planar laminated sandstone division, overlain by a linked mudstone 

clast-rich upper division, are interpreted as hybrid event beds (HEBs), formed from transitional 

flows deposited under high-deceleration rates (Haughton et al., 2009; Hodgson, 2009; Kane 

and Pontén, 2012) in more distal environments than the banded sandstones (Stevenson et al., 

2020). The gradual and diffuse boundary between the basal turbidite and the upper debrite 

suggests vertical segregation of particles within the cohesive flow (Kane et al., 2017). The 

facies evolution of Unit 4B from proximal (western sector) to distal (eastern sector) of thick-

bedded sandstones into hybrid event beds likely represents the downdip transition from lobe-

axis/off-axis environments (lobe axis facies association: Figure 3.8) (sensu Prélat et al., 2009) 

into lobe-fringe environments (lobe fringe facies association; Figure 3.8) (e.g. Kane et al., 

2017; Spychala et al., 2017a), persisting until the frontal/oblique pinch-out (e.g. Hansen et al., 

2019). 
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Figure 3.8. Facies associations of Units 1, 3 and 4. See Table 3.1, Figure 3.4 and Figure 3.6 for 

more detail. See Figure 3.9 for the lateral variability of each facies association. 

 

3.6 Depositional architecture of the debrite and overlying units 

3.6.1. Large scale architecture: debrite relief 

Using Datum A ('Burro' marker bed), the upper surface of the > 9.6 km long debrite forms a 

broad convex-up relief that reaches a maximum in the central section coincident with the 

deepest incision (at least 22.5 m of erosional relief; Figure 3.3B). The spatial association of the 
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thickest part of the debrite with the deepest incision support a genetic link between the 

geometry of the flat-ramp-flat shaped basal shear zone and the mounded top. The morphology 

of the basal surface can buttress material translated downslope and develop positive 

topographic features, such as pressure ridges (Moscardelli et al., 2006; Bull et al., 2009). Bed-

by-bed correlation within Unit 4A shows that where the upper surface of the debrite develops 

the highest relief (~8 m of positive relief with respect to the western sector), Unit 3 is absent, 

and it is overlain by Unit 4A, showing a laterally continuous stratigraphic interval with metre-

scale thickness variations (Figure 3.9). Unit 4A thins from 22 m (CML-1) and 13 m (CML-2) 

to 6 m (CML-12) across the highest part of the debrite (Figure 3.9). The lower part of Unit 4A 

pinches out in the central sector, developing onlaps of individual beds, and supporting the 

existence of a gentle relief (Bakke et al., 2013; Soutter et al., 2019). In contrast, the upper part 

of Unit 4A shows tabular architecture with a lateral continuity of over 7 km (Figure 3.9). 

 

Unit 4A is overlain by Unit 4B, which shows a progressive thinning of the submarine lobe from 

the western to the central sector over 5.6 km, from 5.7 m (CML-3) to 1.7 m (CML-12) and 1 

m (CML-14) with a mean thinning rate of 0.9 m/km. The submarine lobe pinches out between 

CML-14 and CML-22 (< 2 km), interfingered with unit 4A (Figure 3.9). The lack of onlap 

geometries against underlying deposits and subtle thinning rates consistent with unconfined 

settings (e.g. Prélat et al., 2009) suggests a lack of a pronounced pre-existing relief. However, 

the coincidence of lobe pinch-out in the area where the debrite relief is highest and where the 

underlying Unit 4A is thinnest (Figure 3.9) might reflect subtle residual relief. 
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Figure 3.9. The correlation panel focuses on the strata (Unit 3 and 4) overlying the debrite (Unit 

2). Note the colour bar next to each log representing the facies associations (see Figure 3.8). 

Unit 3 is only present in western and eastern sectors whilst absent in the debrite high (CML-
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12). The lower part of Unit 4A thins and onlaps the debrite, while the upper one shows a larger 

lateral extent. Note the gravelly and tuff marker beds (red and white dashed lines, respectively). 

Unit 4A alternates between fine-grained lobe fringes and coarser healing lobe fringes in the 

western sector. Coarse-grained healing fringes pinch out, developing fine-grained lobe fringes 

in the eastern sector. Unit 4B consists of amalgamated thick-bedded sandstone of lobe axis, 

thinning into medium-bedded dominate lobe off-axis environment in the western sector. The 

sand-rich lobe thins and fines towards the east, pinching out in the central sector and 

interfingering with the lobe fringe deposits of Unit 4A. Note that the pinch-out terminations 

are developed where the debrite relief is highest. The rose diagram shows the details of ripples 

(green), vergent convolute lamination (orange), asymmetric flame structures (yellow) and 

cross-bedding (red). Mean vectors of each type are shown, all suggesting a NE trend, except in 

Unit 4B, where the ripples suggest an E-directed palaeoflow indicating deflection processes. 

The perimeter of the rose diagrams corresponds to 100% of the value. 

 

3.6.2. Small-scale architecture: foundered sandstones 

The steeply-dipping unconformable base, internal deformation and abrupt thickness changes 

of Unit 3 sandstones contrast with their flat and conformable tops (see stereoplots in Figure 

3.9). These sandstone bodies can be subdivided into three different types by their architecture.  

 

Type 1 

Description: The thinner foundered sandstone bodies range between 0.5- 2 m thick and are only 

formed by the banded sandstones (Figure 3.10A and Figure 3.10B). They are characterised by 

5-25 m wide lenticular shapes, with thickness/width ratios varying from 1:5 to 1:18. These 

sandstone bodies show relatively constant thinning rates (~0.25 cm/m) towards their pinch 

outs. They are characterised by: i) advancing onlap terminations onto Unit 2 at the base and a 

vertical change into; ii) progressive rotation of laminae and the wedging of the sandstones 

(Figure 3.10C).  
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Figure 3.10. Illustrative diagram of foundered sandstone architecture and a model for their 

development.  

Type 1: (A) Thin-bedded sandstone with onlap termination at the base, indicating interaction 

with inherited relief and wedging associated with the syn-depositional foundering. (B) Bodies 

wedge smoothly, forming lenticular bodies with flat tops. Note the location of A) indicated by 

a black rectangle. (C) Sketch of the architecture and evolutionary model of Type 1 architecture: 

Initial deposition is insufficient to trigger the foundering.  

Type 2: (D) Thick-bedded foundered sandstones with associated thinner margins. Central parts 

are composed of sandstones deposited by high-density turbidity currents, whereas the thinner 

margins are sandstones interpreted as being deposited under more fluidal sediment gravity 

flows (Transitional flows). (E) Sketch of the architecture and evolutionary model of Type 2 

architecture: Initial deposition is enough to trigger the foundering. 

Type 3: (F) and (G) The shape of the thick-bedded sandstone bodies depends on the size and 

geometry of the thin-bedded megaclast. See Figure 3.5 for more detail. (H) Sketch of the 

architecture and evolutionary model of Type 2 architecture: While foundering, the sandstone 

might be protruded by the megaclast due to its higher competence than the surrounding debrite 

matrix. 

 

Interpretation: The onlap termination indicates the interaction between the parental sediment 

gravity flow and pre-existing debrite-related relief (e.g. Bakke et al., 2013), and the sediment 

load was insufficient to trigger the soft-sediment deformation along the upper surface. In 

contrast, the overlying rotation and wedging represent growth strata associated with the syn-

sedimentary foundering. This juxtaposition of terminations indicates that foundering did not 

start since the onset of deposition of sand due to insufficient stress to trigger the soft-sediment 

deformation. This termination style supports an incremental layer-by-layer deposition rather 

than en masse. 

 

Type 2 

Description: Thick-bedded foundered sandstones (up to 4 m thick) are characterised by 

irregular stepped bases and abrupt thickness variations (up to 2 m thinning over 1 m laterally) 

(Figure 3.10D). They are composed of the juxtaposition of two different divisions: i) lower and 

ii) upper divisions (Figure 3.10E). The lower divisions comprise structureless sandstones with 

poorly-developed amalgamation surfaces (F12 or F13). They rarely exceed 10 m laterally, and 
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3 m in thickness (thickness/width 1:2 to 2:1) and are characterised by both abrupt onlaps 

terminations and wedging. In contrast, the upper divisions are characterised by banded 

sandstones (F8), which are more laterally extensive than the underlying division, with a 

maximum length of 50 m and rarely exceeding 1 m in thickness, and thin laterally towards 

margins (thickness/width, 1:10). 

 

Interpretation: The coexistence of onlap terminations and wedging indicate that the foundering 

began at the onset of deposition and the existence of pre-existing topography along the upper 

surface. The sediment load was enough to trigger the foundering because the debrite relief 

strongly influenced the initial high-concentration flows, which promoted a loss in flow capacity 

and deposition under high aggradation rates. The rapid deposition and foundering are 

responsible for the poorly-developed onlap terminations and amalgamation surfaces. The 

deposition of lower division deposits promoted a reduction in debrite rugosity due to the 

infilling of topographic lows, enabling the deposition of laterally more extensive deposits. The 

rotation and wedging in the banding of the upper division are less well developed than in Type 

1 sandstone bodies. This suggests a progressive reduction in syn-sedimentary deformation and 

increased seafloor stability (e.g. Owen, 1987, 2003).  

 

Type 3 

Description: These sandstone bodies show similar facies juxtaposition as in Type 2. In this 

case, the sandstones terminate against heterolithic megaclasts (Figure 3.10F and Figure 3.10G) 

due to their preferential location towards the top of the debrite (Figure 3.2, Figure 3.3B and 

Figure 3.5). Type 3 foundered sandstones diverge from the concave-up geometry of types 1 

and 2 as they also depend on the shape of the megaclast. Some megaclasts disconnect bodies 
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laterally (Figure 3.5), whereas others only impact the base, with the top part of the sandstones 

undisturbed (Figure 3.10G).  

 

Interpretation: The fluid-saturated matrix and rigid megaclast respond differently to the shear 

stress exerted by the deposition of sand creating. This differential compaction (Ogata et al., 

2014) controls the architecture of the foundered sandstones, creating complex bodies (Figure 

3.10H).  

 

3.7 Discussion 

3.7.1. Basal shear zone and impact on the substrate 

As submarine landslides travel across the seafloor, they exert shear stress on the substrate, 

coupled with significant over-pressure (Bull et al., 2009; Hodgson et al., 2019; Payros and 

Pujalte, 2019). This leads to substrate entrainment (Eggenhuisen et al., 2011; Hodgson et al., 

2019) and/or deformation (Butler and McCaffrey, 2010; Watt et al., 2012; Dakin et al., 2013; 

Ogata et al., 2014). The debris flow (Unit 2) incised at least 22.5 m into the substrate (Unit 1; 

Figure 3.3B). In the central sector, the basal shear surface forms ramps (up to 800 m long, > 

2º) and flats (up to 1550 km long; Figure 3.3B; between the logs CML-9 and CML-10) (see 

Lucente and Pini, 2003; Martinez et al., 2005 for flat-ramp-flat geometry). The stress applied 

to the substrate during the emplacement is accommodated by both stratigraphic intervals 

consisting of deformed packages (basal shear-zone) and interfaces consisting of a plane (basal 

shear-surface) (Alves and Lourenço, 2010), such as the discrete basal shear zone located in 

upper Unit 1. The absence of contractional features in the deposits underlying Unit 1 supports 

the deformation as the result of the shear stress produced by the emplacement of the debrite 

rather than tectonism. The basal shear zone has a variable thickness and deformation styles. It 

is absent in the western sector, whereas erosion and deformed intervals record high basal shear 



Chapter 3: Substrate entrainment, depositional relief, and sediment capture: impact of a submarine landslide on 

flow process and sediment supply 

118 
 

stress in the central sector (Figure 3.3B). In the central sector, the deformed package (up to 10 

m thick) is characterised by decametre-scale thrusts with metre-scale offsets and drag folding 

(Figure 3.4B). The predominance of imbricate thrusting over folding, and lack of internal 

disaggregation within the package, indicate competent substrate rheology (e.g. Van der Merwe 

et al., 2011). The eastward vergence of the compressional structures (Figure 3.4B) indicates an 

eastward emplacement direction for the debris flow (Twiss and Moores, 1992), consistent with 

the palaeoflow indicators in the bounding strata.  

The thrusting is attributed to bulldozing by the entrenched debris flow (e.g. Jackson, 2011; 

Hodgson et al., 2019; Payros and Pujalte, 2019), representing the initial stage of substrate 

entrainment. Entrainment of megaclasts into a debris flow has been reported in other systems 

in the subsurface (Moscardelli et al., 2006; Alves and Cartwright, 2009; Sawyer et al., 2009; 

Dakin et al., 2013; Ortiz-Karpf et al., 2015; Soutter et al., 2018; Nwoko et al., 2020a) and more 

rarely at outcrop (Ogata et al., 2014; Sobiesiak et al., 2016; Hodgson et al., 2019; Cumberpatch 

et al., 2021). The progressive increase in thickness and degree of strain along the basal shear 

zone of Unit 2 and the enrichment in rafted heterolithic megaclasts (Figure 3.3B) suggest 

downdip evolution of the debris flow, which might have affected the parental debris flow 

rheology (e.g. Hodgson et al., 2019; Payros and Pujalte, 2019) and bulking of the flow (Gee et 

al., 2006; Alves and Cartwright, 2009; Butler and McCaffrey, 2010; Hodgson et al., 2019). The 

preferential location of heterolithic megaclast towards the top of Unit 2 might be related to 

internal granular convection cells created along with the debris flow, enhanced by the buoyancy 

of less dense rafted megaclast compared to debrite matrix (Sobiesiak et al., 2016; Hodgson et 

al., 2019) and kinetic sieving (Legros, 2002). In contrast, conglomerate megaclast are always 

found at the base of the debrite due to their higher density than the surrounding debrite matrix.  
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3.7.2. Dynamic debrite topography and impact on overlying strata 

The absence of Unit 3 sandstones over the thickest part of the debrite suggests that the sediment 

gravity flows were strongly stratified and influenced by the debrite relief (Figure 3.3 and Figure 

3.9). The sandstone bodies are also disconnected at finer scales, revealing short wavelength 

(metre-scale) and amplitude (decimetre-scale) rugosity on the debrite surface. The existence of 

simultaneous short wavelength and amplitude rugosity superimposed on a large-scale 

wavelength relief on the upper surface of an MTD has also been reported by Armitage et al. 

(2009), defined as 'surface-topography hierarchy', in the Cretaceous Tres Pasos Formation at 

the Sierra Contreras (Chile) and by Fairweather (2014) in Carboniferous Paganzo Basin at 

Cerro Bola (Argentina). In this study, the deposition of sand in pre-existing lows filled the 

short-wavelength rugosity and triggered the loading of individual sandstone bodies onto the 

mud-rich debrite (See ‘Small-scale architecture: Foundered sandstones’ sections), leaving the 

large-scale relief underfilled (Figure 3.9). The foundering process is evidence of substrate 

liquefaction and highlights the dynamic interface between the debrite and subsequent flows 

and their deposits. A similar scenario was proposed by Van der Merwe et al. (2009, 2011) in 

the Vischkuil Formation in the Laingsburg depocentre (Karoo Basin).  

The ability of supra-MTD rugosity to pond turbidity currents travelling across their upper 

surface is a well-known phenomenon (Kneller et al., 2016). However, the presence of 

foundered sandstones up- and down-dip of the debrite high and its consistent NE paleocurrent 

trend suggest connected sediment transport routes across the debrite with no evidence of flow 

ponding or stripping (Figure 3.9) (e.g. Armitage et al., 2009; Fairweather, 2014). The highly-

stratified grown-hugging parental flows of Unit 3 would have been ponded in proximal parts 

(western sector) if a fully enclosing topography existed, given their reduced ability to surmount 

obstacles (Al-Ja'Aidi et al., 2004; Bakke et al., 2013), resulting in sand starvation over the 

debrite in distal settings (Sinclair and Tomasso, 2002; Kneller et al., 2016). The overlying Unit 
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4A can be traced laterally across the study area, with metre-scale thinning where the debrite is 

thickest (see CML-12; Figure 3.9). Apart from this, the advancing onlap geometries of the thin 

beds and the divergence in the overall NE-orientated paleocurrents (rose diagram Unit 4; Figure 

3.9) indicate the progressive healing of the large-scale wavelength debrite relief, with some 

deflection of turbidity currents.  

The thin sandstone beds of the upper part of Unit 4A healed the debrite high. However, the 

gravelly beds thin and fine from proximal to distal areas (western to eastern sectors), and the 

two debrites pinch out in proximal areas (western sector), suggesting subtle remnant 

topography (Figure 3.9). The different lateral continuity of individual beds is explained by 

different rheologies of individual sediment gravity flows, which affect the flow efficiency (Al 

Ja’Aidi et al., 2004). Cohesive debris flows are more influenced by irregular relief, while low-

density turbidity currents are less affected by seafloor topography (Bakke et al., 2013; Soutter 

et al., 2019). This suggests that laterally continuous thick accumulations of lobe fringes can 

develop on gentle topographies, while the submarine lobes' axial parts are restricted to lower 

relief areas. The interaction of thin-bedded turbidite successions with gentle topography has 

also been reported in other deep-water settings (i.e., 'aggradational lobe fringes'; Spychala et 

al., 2017c). The deposition of lobe fringe successions reduced confinement, which enabled the 

deposition of the Unit 4B submarine lobe.  

 

The submarine lobe is characterised by a progressive thinning and fining, developing pinch-

out geometries and interfingering with Unit 4A in the area where the relief of the debrite is 

highest. The development of pinch-out geometries over the areas where the debrite shows a 

mounded relief and where the Unit 4A onlaps and thins suggests that the relief was not wholly 

healed with the deposition of Unit 4A and affected the parental flows of Unit 4B.  
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One explanation is that the exposure exhumes the Unit 4B lobe obliquely, with the medium- to 

thick-bedded lobe axis deposits in the westernmost sector (CML-1 to CML-4) transitioning 

into an HEB-dominated fringe, being highly impacted by gentle seafloor topography (Figure 

3.11). Alternatively, the seafloor relief could have promoted the modification of flow pathways 

and deflection of flows, thus changing the downdip orientation. All these scenarios suggest a 

confined and uncontained (see Southern et al., 2015) lobe-type depositional system. The 

precise dispersal pattern of the flows remains unknown due to the outcrop limitations. 

Nonetheless, the documented stratigraphic evolution reveals that long-lived debrite relief and 

progressive healing by deposition of aggradational lobe fringes enabled the progradation of 

sand-rich submarine lobe, albeit with changes in flow rheology, the bed style and element-scale 

pinch-out (Figure 3.11). 

 

Another explanation is that the debrite relief in the central sector might have been rejuvenated 

through volume changes in the debrite due to differential compaction by loading the lobe itself 

in the proximal sector through fluid loss or fault-controlled mechanical subsidence. However, 

it seems unlikely that the deposition of a 5.7 m thick lobe could promote a volume loss in an 8 

– 47 m thick debrite, given that both units are separated by an 8 – 22 m thick thin-bedded 

interval. In contrast, the other two hypotheses are more plausible. Fluid loss-controlled 

evacuation could have promoted the subsidence of the upper surface of the debrite and 

overlying units (e.g. Browne et al., 2020). Alternatively, given the early post-rift setting, 

mechanical subsidence by an east-facing and N-S striking fault (Manceda and Figueroa, 1995) 

could have generated more accommodation in the western part of the study area (see Cristallini 

et al., 2006). However, this implies a very localised and rapid reactivation, and no other 

evidence for post-rift tectonism is identified.  
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Figure 3.11. Down-dip oriented schematic diagram illustrating the relief created by the debrite 

and the impact on younger sand-rich units. Foundered sandstones fill the small-scale rugosity, 

leaving the kilometre-scale accommodation underfilled. The submarine gravity flows are 

deflected by long-lived subtle debrite-related relief (right block). Partial healing and drapping 

of the debrite with the progradation of the lobe, which is gently impacted by the long-lived 

inherited relief. Note the white dashed line representing the correlation shown in Figure 3.3 

and Figure 3.9. 

 

3.7.3. Origin and role of the mass-wasting process as a trigger for turbidite 

system development 

The emplacement of the > 9.6 km long and erosional debrite in the Chacay Melehue depocentre 

reflects an abrupt change in sedimentation patterns previously dominated by dilute mud-rich 

flows (Unit 1). The first significant sand influxes in the depocentre for ~6 Myr since the 

Aalenian (interval II of Gulisano and Gutiérrez Pleimling, 1995) are recorded by the sand-rich 

deposits (Unit 3) immediately overlying the debrite (Figure 3.2C). The juxtaposition of sand-

rich turbidites over debrites (metres to hundreds of meters thick) have been reported in other 

systems (Kleverlaan, 1987; Labaume et al., 1987; Payros et al., 1999; Fallgatter et al., 2017). 
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These authors suggest that the debris flow underwent a period of mixing with ambient water, 

leading to the generation of an overriding co-genetic turbidity current. The foundering 

phenomenon reported here reveals a close spatiotemporal relationship between the debrite 

emplacement (Unit 2) and overlying sandstone deposition (Unit 3). An alternative mechanism 

is that the mass-failure event altered the basin margin physiography such that a sand source 

was captured. Mass-wasting processes responsible for the evacuation of material from shelf 

edge and upper slope areas alter the bathymetric configuration of basin margins and promote 

the funnelling of sediment stored in shallow marine environments through slide scars (e.g. 

Moscardelli and Wood, 2008; Kneller et al., 2016; Steventon et al., 2020) (Figure 3.12). The 

role played as a trigger mechanism for sand delivery to deep-water areas by the mass-wasting 

event is a plausible scenario given the sand-starvation recorded in the coeval deposits of Los 

Molles Formation along the eastern margin of the Chacay Melehue depocentre (Veiga et al., 

2013) 

Given the palaeoflow and kinematic indicators (Figure 3.4B), the thickness patterns of the 

studied units (Figure 3.3B), and previous studies on sediment supply from the volcanic arc 

(Vicente, 2005), it is proposed that the mass failure originated to the west of Chacay Melehue 

where a major syn-rift fault is located close to the volcanic arc (< 30 km; Manceda and 

Figueroa, 1995; De La Cruz and Suarez, 1997; Vicente, 2005). The role of the western volcanic 

arc as a source area for the early post-rift sediment supply in the Chacay Melehue depocentre 

is supported by the southeastwards directed paleocurrents measured in the Aalenian turbidite 

system at the base of the Los Molles Formation (Vicente, 2005; Figure 3.2) and the abundance 

of pyroclastic deposits within Los Molles Formation stratigraphy (Zöllner and Amos, 1973; 

Rosenfeld and Volldaeimer, 1980; Gulisano and Gutiérrez Pleimling, 1995; De La Cruz and 

Suarez, 1997; Llambías and Leanza, 2005). The oyster-bearing conglomerate megaclast and 

well-rounded volcanic epiclast within the matrix of the debrite indicate long-lived reworking 
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in shallow-marine settings prior to the mass failure, suggesting a shallow-water origin or 

remobilization of older slope strata, including shallow-marine deposits. This could represent 

the downslope transfer of sand following the collapse of reworked volcaniclastic deposits along 

the magmatic arc (Figure 3.12). The evolution from the initial mass-wasting sediment supply 

responsible for erratically distributed foundered sandstone bodies (Unit 3) to a more mature 

system with the subtle distribution and diversity of lobe architectural elements (Unit 4) reflects 

the evolution to a more organised sediment supply system (Figure 3.11). This is abruptly 

superseded by a return to sand-starved conditions with dominant dilute mud-rich flows and 

hemipelagic deposition until the end of the Lower Callovian (Gulisano and Gutiérrez 

Pleimling, 1995).  

 

 
Figure 3.12. Schematic diagram illustrating the role of the mass failure recorded in the Chacay 

Melehue depocenter as the trigger for downslope remobilisation of sand from shallow-marine 

settings. 

 

3.8 Conclusions 

This study investigates the anatomy and architecture of a > 9.6 km long exhumed debrite. It 

shows how its twofold short- and long-wavelength relief and composition provided a likely 

input route for the subsequent sand-rich deep-water system and influenced flow behaviour 
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depositional patterns. The basal surface of the debrite forms ramps and steps, indicating deep 

incision and entrainment of the substrate that includes megaclasts. The foundering of overlying 

sands, their resultant geometry and spatial distribution, and the down-dip increase in mud 

content, indicate a dynamic and rugose upper surface to the debrite and complex flow-deposit 

interactions. The spatial distribution of the foundered sandstones indicates ground-hugging 

flows and the existence of debrite relief, which was progressively but not entirely healed by 

the submarine lobe. However, the architecture and facies distribution of the submarine lobe 

and their parental flows were still impacted by the long-lived, possibly rejuvenated, debrite-

related topography. 

 

The debrite emplacement coincided with an abrupt change in sediment supply to the Chacay 

Melehue depocentre from long-term mud-rich sedimentation to a transient sand-rich system. 

This change in depositional character is interpreted to have resulted from the funnelling of 

sediment stored in shallow marine environments to the west through a slide scar created by the 

debris flow, thus reconfiguring the sediment delivery pathway. Therefore, this study highlights 

that basin margin mass failures and their deposits play a key role in sediment dispersal patterns 

into deep-water settings and the behaviour of subsequent sediment gravity flows travelling 

across their upper surface. 
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4. Stratigraphic change in flow transformation processes recorded in early post-rift 

deep-marine lobe complexes in an intraslope setting 

Martínez-Doñate, A.1, Kane, I.A.1, Hodgson, D.M.2, Privat, A. M-L. J 2, Jackson, C.A-L.1, 

Schwarz, E.3, Flint, S.S.1 

1.  School of Earth and Environmental Sciences, University of Manchester, Manchester M13 

9PL, UK. 

2.  School of Earth and Environment, University of Leeds, Leeds LS29JT, UK. 

3.  Centro de Investigaciones Geológicas (CIG), La Plata, Provincia de Buenos Aires, Argentina. 

 

4.1. Abstract 

The Early Jurassic Los Molles Formation in the Neuquén Basin of western Argentina is a rare 

example of well-exposed syn- to post-rift stratigraphy. In the Chachil Graben, the onset of the 

early-post-rift stage is marked by the drowning of a carbonate system and the development of 

two deep-marine intraslope lobe complexes. This field-based study involves correlating eleven 

stratigraphic logs, field mapping and petrographic analysis to document how grain size and 

texture within intraslope lobe sandstones change from the centre to the frontal pinch-out of the 

Chachil Graben. Eight different bed types are identified: two turbidites (Type A and B beds), 

four transitional flow deposits (Type C, D, E, F beds), and two chaotic deposits (Type G and 

H beds). Fifteen lobes are grouped into two stacked lobe complexes that show a stratigraphic 

evolution from a lower argillaceous sandstone-dominated lobe complex built by transitional 

flow deposits to an upper coarser-grained, cleaner lobe complex largely constructed by 

turbidites. The petrographic analysis quantified sandstone mineralogy, matrix content, grain 

size and sorting, revealing that both lobe complexes are volcanic arc-sourced. It is proposed 

that the differences in the character of the two lobe complexes are due to maturing of sediment 
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transport routes through progressive healing of the intraslope relief with a concomitant 

decrease in seabed erosion and flow bulking. A model for intraslope lobe complex development 

that accounts for the impact of flow confinement on sediment gravity flows by the early post-

rift inherited topography is also proposed. The bed type distribution and stratigraphic evolution 

in both lobe complexes suggest that high-density and clay-rich flows terminate more abruptly 

against confining slopes and produce greater depositional variability than lower-density, clay-

poor flows. Studying early post-rift submarine lobes and their interaction with inherited 

topography can help develop sedimentary models that consider a wide range of physiographic 

settings.  

 

4.2. Introduction 

Deep-water lobes formed by deposition from sediment gravity flows are a major component of 

submarine fans and are found in various tectonostratigraphic settings (e.g., Shanmugam and 

Moiola, 1988; Curray et al., 2002). Therefore, submarine lobes represent a crucial record of 

the interplay of climate, tectonics and eustacy (Sømme et al., 2009). Deep-marine lobes can 

form in a wide variety of tectonic settings, including syn-rift (e.g. Leppard and Gawthorpe, 

2006; Strachan et al., 2013; Henstra et al., 2016; McArthur et al., 2016; Cullen et al., 2020) and 

post-rift stages of extensional basins (e.g. Haughton et al., 2003; Southern et al., 2017; Dodd 

et al., 2019; Hansen et al., 2021; Privat et al., 2021). Syn-rift depositional systems develop in 

isolated, normal fault-controlled depocentres that contain wedge-shaped packages of sediment 

fed by axial (i.e., fault-parallel) and transverse (i.e., fault-perpendicular) sediment supply 

systems (Ravnås and Steel, 1998). In contrast, post-rift depositional systems typically fill relief 

inherited from the preceding rift phase (Privat et al., 2021), with regional thermal subsidence 

providing additional accommodation (e.g. Zachariah et al., 2009). As a result, post-rift 
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sediment dispersal and resultant stratigraphic architecture can be highly variable and 

characterised by a range of stratal terminations onto intrabasinal topography (Prosser, 1993; 

Argent et al., 2000; Gabrielsen et al., 2001; Færseth and Lien, 2002; Dmitrieva et al., 2018). 

Sediment gravity flows interacting with topography can change both flow character (velocity, 

concentration) and direction (Kneller et al., 1991; Al Ja’Aidi et al., 2004; Soutter et al., 2021); 

the resultant deposits differ from those in unconfined settings, which generally have more 

predictable facies variability (e.g. Prélat et al., 2009; Spychala et al., 2017b). The influence of 

seafloor relief on bed types, facies transitions and the architecture of lobes bounded by steep 

slopes (> 3°) has been well-documented in exhumed, highly confined settings (e.g. McCaffrey 

and Kneller, 2001; Sinclair and Tomasso, 2002; Patacci et al., 2014; Soutter et al., 2019). In 

contrast, there are fewer documented exhumed systems in which intraslope lobes developed 

above subtle slope changes (Smith, 2004; Burgreen and Graham, 2014; Spychala et al., 2017c; 

Privat et al., 2021). This is partially attributed to more subtle bed type changes and pinch-out 

terminations, which might have been under-recognised in exhumed and subsurface analogues. 

Petrographic analysis and bed-scale characterisation can help us to understand flow 

transformations at the event bed scale and the physiographic configurations of intraslope 

settings. Syn- and post-rift lobe systems are typically deeply buried, and outcrop analogues are 

rarely well-preserved due to later deformation during basin inversion. Therefore, our 

understanding of their bed types, facies transitions, and depositional architecture remains 

limited. 

 

Early Jurassic strata in the Neuquén Basin (Figure 4.1A) provide a rare example of an exhumed, 

syn- to post-rift sedimentary succession that is well-preserved and well-exposed. In the Chachil 

Graben, located in the SW of the Neuquén Basin (Figure 4.1B and Figure 4.1C), the onset of 

the early-post rift stage is recorded by the drowning of a carbonate system and the subsequent 
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development of an intraslope lobe system in the Los Molles Formation (Figure 4.2; Privat et 

al., 2021). The objectives of this chapter are to 1) characterise the bed types of the early post-

rift submarine lobe complexes and their variability towards pinch-outs; 2) document the 

petrography and texture of the different bed types in order to better understand the flow 

processes and environments of deposition; 3) discuss the stratigraphic evolution of deep-

marine lobes deposited in a confined post-rift intraslope setting. A well-calibrated sedimentary 

and architectural model will improve our understanding of early post-rift intraslope lobes and 

potentially be used as an analogue for lobes in similar settings elsewhere. 

 

4.3. Geological setting 

The Neuquén Basin is located between 32˚S and 40˚S in central-western Argentina and central-

eastern Chile, covering > 160,000 km2. It was bounded to the northeast by the Sierra Pintada 

System, to the south by the North Patagonian Massif, and to the west by the Andean magmatic 

arc (Figure 4.1A; Legarreta and Uliana, 1996; Franzese and Spalletti, 2001). The stratigraphic 

record of the Neuquén Basin is characterised by Mesozoic (starting in the Late Triassic) to 

early Cenozoic, continental and marine siliciclastic, carbonate, evaporitic, and volcanic rocks 

(Legarreta and Uliana, 1996; Howell et al., 2005). Three tectonic phases are recognised in the 

development of the Neuquén Basin (Vergani et al., 1995; Franzese and Spalletti, 2001, 2003): 

i) Triassic-to-Early Jurassic rifting, characterised by the development of narrow and isolated 

depocentres; ii) Early Jurassic (Toarcian) to Early Cretaceous post-rift thermal subsidence, 

associated with the development of the back-arc basin; and iii) the Late Cretaceous to early 

Cenozoic formation of a foreland basin related to Andean compression. This chapter focus on 

the earliest Los Molles Formation (Toarcian) (Weaver, 1931), deposited during the early post-

rift stage in the Chachil Graben. 
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Figure 4.1. (A) Location map of the Neuquén Basin and the Chachil Graben. (B) Map of the 

Chachil Graben (Privat et al., 2021). (C) Detailed map of the Chachil Graben showing Los 

Molles Formation with the location of measured sections, adapted from Privat et al. (2021). 

See Figure 4.2 for A-A’-A’’ cross-section. 
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Figure 4.2. Schematic correlation shows the architecture of Lower and Upper Lobe Complexes 

and the debrites (modified from Privat et al., 2021). The onset of the early-post rift stage is 

recorded by the drowning and deepening of a carbonate system and the subsequent 

development of a deep-water lobe system. The palaeoflow direction is towards NE (from left 

to right) (see rose diagrams in Figure 4.13). Note that the debrites pinch out in a more proximal 

position than the lobe complexes, which show a progressive basinward advancement of their 

pinch-out from the base to the top (more detail in Figure 4.13). 

 

4Study area: Chachil Graben 

The Chachil Graben is a 15 km long, 10 km wide, NNW-SSE trending normal fault-controlled 

depocentre. It is bounded to the northwest and southwest by the SE and NW dipping Chihuido 

Bayo Fault system (Figure 4.1). The initial syn-rift volcano-sedimentary deposits (Lapa 
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Formation; Precuyano Cycle) thicken northwards from < 400 m at the basin margins to 2 km 

near its centre (Franzese et al., 2006). These thickness changes were controlled by fault systems 

striking parallel or oblique to the Chihuido Fault system, along the horst forming the 

southwestern border of the depocentre (Figure 4.1B). Late syn-rift extension promoted the 

development of footwall highs (Paine Milla, El Luchador, Puesto Alfaro and Morro del Aguila) 

and lows inside the Chachil Graben (Mirador de Chachil and Picún Leufú) (Figure 4.1C and 

Figure 4.2; Franzese et al., 2006; Privat et al., 2021). Regional subsidence associated with the 

late syn-rift phase led to the flooding of the rift depocentres, promoting the onset of carbonate 

sedimentation (Chachil Formation; Weaver, 1942; Leanza et al., 2013). Rapid basin deepening 

and drowning of the carbonate system led to the deposition of organic-rich, calcareous 

mudstones that draped inherited rift topography (basal Los Molles Formation) (Figure 4.2; 

Privat et al., 2021). Healing of rift topography and the onset of extra-basinal siliciclastic supply 

promoted the development of early post-rift intraslope lobe complexes (Privat et al., 2021). 

 

Differential compaction of organic-rich mudstones over inherited rift topography promoted a 

long-lived seabed relief in the Chachil Graben (Figure 4.2; Privat et al., 2021). Similar 

differential compaction has also been documented in the subsurface (Cristallini et al., 2009) 

and exhumed depocentres elsewhere in the Neuquén Basin (Veiga et al., 2013; Sugawara & 

Nikaido, 2014). In the Chachil Graben, a S-dipping compaction hinge over the El Luchador 

fault block acted as an oblique counterslope to the NE-directed sediment gravity flows, 

controlling the architecture and pinch-out location of two submarine lobe complexes (Figure 

4.2; dirty and cleaner lobe complexes, sensu Privat et al., 2021). Both lobe complexes are 6-8 

km long, 5 km wide and < 50 m thick and are bound at their base and top by a > 4 m thick 

mudstone interval or an erosionally-based debrite (Figure 4.2; Privat et al., 2021). This study 

refers .3.1. to them as the Lower and Upper Lobe Complex, respectively (Figure 4.2). Their 
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constituent bed types (Figure 4.3) and stratigraphic architecture are described and compared as 

a basis for proposing an overall depositional model.  

 

4.4. Data and methods 

The dataset comprises 11 sedimentological logs 1:25 scale (Figure 4.1C), collected over a 

horizontal distance of 4 km. Logs were correlated, and the overall depositional architecture was 

constrained by walking out individual sandstone-rich packages and several stratigraphically 

distinct marker beds. Data collected included lithology, bed thickness and contacts, 

sedimentary structures, and palaeocurrent measurements from grooves, flutes, cross-bedding, 

flame structures, and ripple cross lamination. Uncrewed Aerial Vehicle (UAV) 

photogrammetry was used in conjunction with mapping and logging to capture the architecture 

of the sandstone and mudstone packages within the investigated stratigraphic interval. 

 

Petrographic analysis was performed on 40 orientated and polished thin sections collected in 

16 sandstone beds logged at a 1:2 scale (Figure 4.4-Figure 4.9). To understand the longitudinal 

character of flows, up to five samples were taken from the base to the top of the sandstone beds 

(see similar methods in Kane et al., 2017; Southern et al., 2017; Bell et al., 2018; Fildani et al., 

2018). The long axes of 200 grains per thin section were measured (Appendix Table 2); this 

enabled the quantification and variations in sorting for each sample. Detrital components were 

quantified using the Gazzi-Dickinson point counting method (Gazzi, 1966; Dickinson, 1970; 

Zuffa, 1985). Percentage abundance was quantified by counting 400 points per thin section 

(Appendix Table 1) using an automated and motorised stepping stage controlled by PETROG 

software (PETROG System, Conwy Valley Systems Ltd., UK). The points were stochastically 

distributed across an aleatory grid, where the minimum interpoint distance was larger than the 
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coarsest grain fraction to avoid repetition (Van der Plas and Tobi, 1965). Point counting 

enabled the classifications of grains into 11 classes, matrix (particulate matter < 0.062 mm) 

and cement. The results were plotted on a matrix versus mean size grain diagram (Figure 4.10) 

and three ternary diagrams (Figure 4.11; Qm-F-Lt, Dickinson et al. (1983); Lm-Lv-Ls, 

Ingersoll and Suczek (1979); Qp-Lv-Lsm diagram, Dickinson (1985)) because combinations 

of specific end-members discriminate between different grain properties (Hulka and Heubeck, 

2010; Ciccioli et al., 2014).  

 

4.5. Bed types 

The sandstone beds were divided into eight bed types (Figure 4.3; Type A-H beds) based on 

their thickness, texture (e.g., matrix content, grading, mudstone clast content), grading, and 

sedimentary structures. Petrographic analysis was used to quantify the mineralogy, matrix 

content, grain size range, and sorting (Type A-F beds; Figure 4.4-Figure 4.9) to support the 

outcrop-based interpretation. Samples with > 15 % matrix content were considered matrix-rich, 

with < 15% considered matrix-poor, based on the threshold of Pettijohn et al. (1972), which is 

similar to the one proposed in Sylvester and Lowe (2004) (~16%). The petrographic analysis 

did not differentiate between detrital and authigenic matrix, but the abundance of carbonaceous 

matter, micas, fine quartz and feldspar grains suggest that the matrix is predominantly detrital 

(Lowe and Guy, 2000). Deformation of weak detrital grains such as sedimentary lithoclasts 

(Ls) and devitrified volcanic clasts (Lv) contributed to the formation of the detrital matrix 

(pseudomatrix) (Dickinson, 1970). Two additional bed types had no petrographic analysis 

because they were not genetically related to the flows responsible for the formation of 

intraslope lobes (Type G beds) or do not represent depositional event beds (Type H beds) 

(Figure 4.3). 
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Figure 4.3. Bed type descriptions, depositional process interpretations and the generalised 

relationship between flow rheology and termination style (modified from Bakke et al., 2013). 
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4.5.1. Type A beds 

Description: Thin-bedded (< 0.2 m thick), matrix-rich (> 15 %), planar- and ripple-laminated 

with sharp, planar bed bases and tops. Matrix content increases upwards within the bed (Figure 

4.4; S13 sample bed: 17-33%). Beds are poorly to moderately sorted and normally graded, 

comprising very fine- to medium-grained sandstones. When analysed under the microscope, 

millimetre-scale mudchips are aligned along the laminae (Figure 4.4G; CH-26). Ripples show 

an overall NNE palaeocurrent. However, ripples show a broad divergence, even developing 

bidirectional ripple laminations. Near the pinch-outs, ripples are commonly replaced by 

convolute lamination. 

 

 
Figure 4.4. Summary diagrams illustrating Type A beds, (A) outcrop photo of the sampled bed, 

(B) detailed log (1:2 scale) of the sample bed, (C) grain size (200 measurements per sample), 

(D) sorting and (E) mineralogy (400 measurements per sample). Representative thin section 

(F; CH-25 and G; CH-26) scans, photomosaic and photomicrographs (PPL and XPL). Note 

black squares indicating the location of the photomosaic and red squares in the photomosaic 

indicating the position of the photomicrographs. The arrows in the top right show the top of 

the samples. 
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Interpretation: These bed types represent deposition from low-density turbidites (sensu Lowe, 

1982). Grains are suspended due to flow turbulence and deposited under aggradation rates that 

are sufficiently slow to permit differential grain size settling and tractional reworking (Best and 

Bridge, 1992; Hiscott, 1994a; Sumner et al., 2008). Bidirectional ripple laminations suggest 

flow deflection and reflection against seafloor relief (Kneller et al., 1991; Edwards et al., 1994). 

Convolute lamination suggests high sedimentation rates and has been attributed to the 

development of reflected bores and internal waves, which might be related to interaction with 

seafloor relief (Tinterri et al., 2016). The upward increase in matrix content reflects the 

differential grain size settling from waning flows, which deposit coarser material near bed 

bases and finer material near bed tops (Mulder and Alexander, 2001). 

 

4.5.2. Type B beds 

Description: Medium- to thick-bedded (0.3-1.2 m thick), matrix-poor (< 15 %) sandstones, 

with sharp planar tops and sharp erosive bed bases with abundant multidirectional grooves with 

an ENE-WSW oriented dominant trend. Type B beds are poorly to moderately sorted and 

weakly normally graded, passing upwards from coarse-grained (locally very coarse and 

granular) to medium- to fine-grained sandstone (Figure 4.5; S6 sample bed). Overall, they show 

an upward decrease in centimetre-scale mudstone clast and matrix content (Figure 4.5; S4 

sample bed: 17 - 4%), although subtle upward increasing trends are also documented (Figure 

4.5; S14 sample bed: 9-13%). Locally, some beds show subtle inverse grading (TB-3 of Talling 

2012) and grain-size breaks (coarse- to medium-grained), associated with a decrease in matrix 

content (Figure 4.5; S4 sample bed: 17% - 4%). Type B beds can be structureless and ungraded 

and contain weakly developed planar laminations (Figure 4.5; S6 sample bed). However, when 

these bed types overlie a scour, sigmoidal NE-dipping cross-stratifications are developed 

(Figure 4.5; S9 sample bed) (see Arnott and Al-Mufti, 2017). 
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Figure 4.5. Summary diagrams illustrating Type B beds, (A) outcrop photo of the sampled bed, 

(B) detailed log (1:2 scale) of the sample bed, (C) grain size (200 measurements per sample), 

(D) sorting and (E) mineralogy (400 measurements per sample). Representative thin section 

(F; CH-7 and G; CH-E) scans, photomosaic and photomicrographs (PPL and XPL). Note black 

squares indicating the location of the photomosaic and red squares in the photomosaic 

indicating the position of the photomicrographs. The arrows in the top right show the top of 

the samples. 
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Interpretation: These sandstones were deposited from erosive high-concentration flows where 

particles are maintained in suspension by grain-to-grain interactions and fluid turbulence 

(Talling et al., 2012). Therefore, they are interpreted as high-density turbidites (sensu Lowe, 

1982) deposited incrementally under aggradation rates high enough to suppress tractional 

reworking (Lowe, 1982). The tractional structures and normal grading observed at bed tops 

indicate a reduction in deposition rate, allowing differential grain settling and effective shearing 

(Sumner et al., 2008; Talling et al., 2012; Terlaky and Arnott, 2014). High-angle cross-bedding 

developed over scours supports scour-fill rather than dune formation (see pseudo-dunes of 

Arnott and Al-Mufti, 2017 and references therein). Inverse grading in the lower division (e.g. 

S4 sample bed) represents deposition under traction carpets (Lowe, 1982; Hiscott, 1994b; 

Sohn, 1997).  

 

The upward increase in matrix content reflects differential grain size settling from waning 

flows, which deposit coarser material near the bed base and finer material near the bed top 

(Figure 4.5; S6 and S14 sample beds) (Mulder and Alexander, 2001). The high sediment fallout 

rate can prevent the segregation of flocs from returning into suspension, resulting in enhanced 

trapping of clay flocs at the flow and bed base (e.g. Middleton and Neal, 1989). Sand-sized 

mudstone clasts in intermediate positions within the sandstone beds suggest that either they 

remained in suspension for longer than particles of a similar size and density (e.g. quartz and 

feldspar grains) (Mulder and Alexander, 2001) or that they were entrained and deposited later 

in the lifespan of the flow. In contrast, deposits with an upward decrease in matrix content are 

associated with developing a cohesive viscous near-bed sublayer (near-bed laminar plug; Lowe 

and Guy, 2000). Grain-size breaks (Figure 4.5; S4 sample bed) suggest flow stratification 

developed between the cohesive viscous layer and the overlying turbulent flow division (Lowe 
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and Guy, 2000). The grooves represent tool-like clasts that gouged the substrate (Peakall et al., 

2020) and indicate high-concentration flows. Groove development might be linked to the 

passage of a forerunning, fast-moving and bypassing debritic head, responsible for rafting 

mudstone clast and transferring them as bedload, developing grooves (Baas et al., 2021). 

Disaggregation of mudstone clasts could trigger the development of turbulence-enhanced 

transitional flows (TETFs) or even lower transitional plug flows (LTPFs) (Baas et al., 2009, 

2011) over short distances.  

 

4.5.3. Type C beds 

Description: Medium-bedded (0.2-0.4 m), matrix-rich (> 15%) sandstones, forming tripartite 

deposits with sharp boundaries between constituent divisions (Figure 4.6; S11 sample bed). 

Bed bases are sharp and conformable and contain abundant ENE-WSW oriented discontinuous 

tool marks (skim marks) with high divergence. The lower division of Type C beds (5-20 cm 

thick) is structureless, weakly normally graded, moderately sorted, and matrix-rich (27%). The 

middle division (10-15 cm thick) is ungraded and poorly sorted, with the highest matrix content 

of the three divisions (37%), and characterised by low-amplitude, undulating microbanding (< 

1 cm spacing; Stevenson et al., 2020), with alternating planar sub-parallel to undulatory, light 

(i.e., mud-poor) and dark (i.e., mud-rich) bands containing rare, millimetre-scale mudchips 

(Figure 4.6F; S11 sample bed). The dark argillaceous bands are responsible for the poor sorting 

within this division (Figure 4.6). The upper division (< 5 cm thick) is normally graded matrix-

rich (30%) and moderately sorted. NNE-oriented ripple lamination is common, with 

millimetre-scale mudchips aligned within the ripple laminae (Figure 4.6).  
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Figure 4.6. Summary diagrams illustrating Type C beds, (A) outcrop photo of the sampled bed, 

(B) detailed log (1:2 scale) of the sample bed, (C) grain size (200 measurements per sample), 

(D) sorting and (E) mineralogy (400 measurements per sample). Representative thin section 

(F; CH-20 and G; CH-21) scans, photomosaic and photomicrographs (PPL and XPL). Note 

black squares indicating the location of the photomosaic and red squares in the photomosaic 

indicating the position of the photomicrographs. The arrows in the top right show the top of 

the samples. 

 

Interpretation: Due to its similar matrix content and lack of bounding fine-grained interval, the 

development of the three divisions is interpreted as being deposited from the same transitional 

flow. The normally graded lower division suggests deposition from a flow comprising a 

turbulent component to permit differential grain size settling (Best and Bridge, 1992; Hiscott, 

1994a; Sumner et al., 2008). The lack of tractional structures and high matrix content suggest 

deposition from transitional flows under moderate to high aggradation rates. The banding in 

the intermediate division results from deposition and reworking from transitional flows, with a 

sustained traction period formed within the upper-stage plane bed flow regime (Baas et al., 

2009, 2016; Stevenson et al., 2020). Lower structureless and intermediate banded divisions 

suggest deposition from lower transitional plug flows (LTPFs) (sensu Baas et al., 2009), where 

mixing with ambient water developed the ripple-bearing upper division. However the basal 
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skim marks suggest that a bypassing laminar and concentrated head could have preceded the 

LTPFs due to the incompatibility between the development of skim marks and the turbulence 

state (Peakall et al., 2020; Baas et al., 2021). This tripartite structure is comparable to the H1 

(lower division), H2 (intermediate division) and H4 (upper division) described in Haughton et 

al. (2009). The lack of the linked debrite division (H3) suggests a high flow efficiency, and 

they neither decelerated rapidly nor were very cohesive (Stevenson et al., 2020). The 

divergence between the tool marks (ENE-WSW) and the ripples (NNE) suggests the existence 

of seabed relief where the forerunning bypassing head was more influenced by seabed relief 

than the more dilute depositional part of the flow, although it could be related to two different 

flows (Peakall et al., 2020). 

 

4.5.4. Type D beds 

Description: Thin-bedded (< 0.2 m thick), matrix-rich (> 15%) sandstone, forming bipartite 

deposits, with sharp boundaries between its constituent divisions (Figure 4.7; S2, S7A and S7B 

sample beds). The lower divisions (< 0.2 m thick) are matrix-rich (26-30%), structureless, fine- 

to medium-grained, weakly normally graded, and moderately sorted (Figure 4.7), and grooves 

with a wide range of directions. The upper divisions (~ 0.1 m thick) are massive and 

characterised by argillaceous sandstone comprising abundant mudstone clasts and plant 

fragments (0.5- 2 cm in length) (Figure 4.7). Upper divisions lack thin section observation due 

to the fissile character of the argillaceous sandstones.  
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Figure 4.7. Summary diagrams illustrating Type D beds, (A) outcrop photo of the sampled bed, 

(B) detailed log (1:2 scale) of the sample beds (red line represents the amalgamation surface 

between them), (C) grain size (200 measurements per sample), (D) sorting and (E) mineralogy 

(400 measurements per sample). Representative thin section (F; CH-4 and G; CH-5) scans, 

photomosaic and photomicrographs (PPL and XPL). Note black squares indicating the location 

of the photomosaic and red squares in the photomosaic indicating the position of the 

photomicrographs. The arrows in the top right show the top of the samples. 

 

Interpretation: The juxtaposition of the lower and upper divisions without an intervening 

mudstone layer suggests that they represent the H1 and H3 divisions of HEBs (see Haughton 

et al., 2009) genetically related to a single depositional event. The internal layering reflects 

discrete rheological changes within the source flow due to deceleration related to lateral 

spreading and/or increased near-bed flow concentration or cohesion (Kane et al., 2017). 

However, the lack of abrupt boundaries suggests that the flow did not develop stable internal 

stratification (Kane et al., 2017). The high matrix content (26-30%) and the crude normal 
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grading within the lower divisions (H1) suggest the shearing of mud flocs and mudstone clasts 

caused by a transitional flow with a turbulent component. The upper argillaceous divisions 

(H3) suggest deposition from intermediate to high yield strength debris flow divisions (Talling 

et al., 2012). The preservation of plant fragments supports the interpretation of a laminar state 

within the upper divisions (e.g. Hodgson, 2009; D2 Type). Therefore, Type D beds are 

interpreted as thin-bedded HEBs formed under upper transitional plug flows (UTPF) and quasi-

laminar plug flow (QLPF) (sensu Baas et al., 2009, 2011, 2016). The development of H3 

division, and lack of H2, suggest abrupt deceleration rates (Baas et al., 2011; Baas et al., 2016; 

Stevenson et al., 2020) related to the distal collapse of the flow (Kane et al., 2017). The grooves 

at the base indicate that UPTF/QLPFs were preceded by bypassing a forerunning debritic head 

responsible for incorporating cohesive clay from the substrate (Baas et al., 2021).  

 

4.5.5. Type E beds 

Description: Medium- to thick-bedded (0.2-1 m thick), matrix-rich (> 15%), tripartite beds with 

sharp and loaded bases containing abundant multidirectional grooves and sharp tops (Figure 

4.8). The contacts between each division are gradual (Figure 4.8; S12 and S15 sample beds), 

and lower and intermediate divisions are structureless with abundant mudstone clasts. The 

lower divisions (10-40 cm thick) are medium-grained, matrix-rich (20-23%) (Figure 4.8; S15 

and S8 sample beds) or matrix-poor (13%) (Figure 4.8; S12 sample bed), weakly normally 

graded, moderately sorted, and contain few deformed mudstone clasts (5-50 cm diameter) 

(Figure 4.8). The intermediate division (10-20 cm thick) is medium-grained, matrix-rich (19-

23%), weakly normally graded and moderately sorted, and contains abundant, rounded 

mudstone clasts (0.1-5 cm diameter) (Figure 4.8). The uppermost division (5-15 cm thick) is 

fine-grained, matrix-rich (20-31%), normally graded, moderately sorted and structureless to 

weakly planar laminated, containing rare mudstone clasts (Figure 4.8). 
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Figure 4.8. Summary diagrams illustrating Type E beds, (A) outcrop photo of the sampled bed, 

(B) detailed log (1:2 scale) of the sample bed, (C) grain size (200 measurements per sample), 

(D) sorting and (E) mineralogy (400 measurements per sample). Representative thin section 

(F; CH-29 and G; CH-30) scans, photomosaic and photomicrographs (PPL and XPL). Note 

black squares indicating the location of the photomosaic and red squares in the photomosaic 

indicating the position of the photomicrographs. The arrows in the top right show the top of 

the samples. 

 

Interpretation: The internal layering suggests different rheologies related to HEB development 

(e.g. Lowe and Guy, 2000; Haughton et al., 2003, 2009; Talling et al., 2004; Barker et al., 2008; 

Kane and Pontén, 2012). The lack of abrupt boundaries suggests that the flow did not develop 

stable internal stratification (Kane et al., 2017). Loaded bases and mudstone rafts suggest 

shearing and entrainment of semi-consolidated substrate material into an undersaturated flow 
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(Terlaky and Arnott, 2014; Kane et al., 2017). The incorporation of clay-rich material resulted 

in flow bulking and increased flow concentration, promoting a transitional flow behaviour 

(Kane and Pontén, 2012). Normal grading within the lower division (H1) suggests that the 

basal layer was fluid and turbulent enough to allow particle settling of the denser/coarser-

grained fraction according to grain size/density (Baas et al., 2009) or a low yield strength basal 

division (Kane et al., 2017). Therefore, these matrix-rich basal divisions are not comparable to 

the clean sandstone turbidite base of hybrid event beds in other systems (Haughton et al., 2003, 

2009; Talling et al., 2004; Amy et al., 2006; Barker et al., 2008; Davis et al., 2009) suggesting 

a different style of flow transformation. The abundant grooves indicate that these flows were 

preceded by a highly erosive bypassing debris flow and later infilled by the deposition of H1. 

The weakly normally graded, matrix- and mudstone clast-rich intermediate divisions (H3) 

suggest hindered settling as a sediment transport mechanism (Mulder and Alexander, 2001) 

and capacity-driven deposition (Hiscott, 1994a) rather than transport as a result of the matrix-

strength of a high yield strength debris flow division and cohesive freezing (Talling et al., 

2012). The poorly-developed lamination on the upper divisions (H4) suggests high aggradation 

rates with poorly developed tractional reworking on the upper-stage plane bed. The H4 division 

in Type E beds seems unlikely to represent the deposition from the tails of these flows. Instead, 

they may be related to deposition from parts of the flow high enough not to incorporate enough 

substrate and develop debritic division (Hussain et al., 2020; Baas et al., 2021). Additionally, 

they can be caused by mixing ambient water (Marr et al., 2001; Talling et al., 2002; Sequeiros, 

2012). Therefore, Type E beds are interpreted as thick-bedded hybrid event beds (HEBs) (e.g. 

Kane et al., 2017) deposited from UTPF to QLPFs under high deceleration rates (Baas et al., 

2009, 2011, 2016). 
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4.5.6. Type F beds 

Description: Medium– to thick-bedded (0.3-1 m thick) and generally matrix-rich (> 15%) 

sandstones. The matrix content increases upwards within a bed (Figure 4.9; S3 sample bed; 13-

27%). Bed bases are sharp, loaded and erosive, comprising abundant ENE-WSW oriented 

grooves and planar to undulatory sharp tops. Beds are structureless, with poorly-developed 

diffuse planar lamination ('wispy lamination' of Lowe and Guy, 2000; Lowe et al., 2003) 

(Figure 4.9; e.g. S10 sample bed) that usually occupies the upper half of beds, although it can 

be developed from base to top. Beds are coarse-grained to medium- or fine-grained, weakly 

normally graded to ungraded, and poorly sorted, comprising a wide grain size range, especially 

at the lower half (Figure 4.9; from very fine to granule, S3 sample bed). Locally, faint planar 

laminations or hummock-like bedforms develop near bed tops (Figure 4.9; S5 sample bed). 

 

Interpretation: The high matrix content (up to 40%) and poor sorting suggest deposition from 

UTPF/QLPFs (Baas et al., 2009, 2011, 2016) characterised by an abrupt loss in capacity 

(Hiscott, 1994a), high sediment fallout and reduced tractional reworking (Talling et al., 2012). 

The crude normal grading and upwards increasing matrix suggest some turbulence at the base 

of the parental flow, although the dominant rheology was likely an intermediate yield strength 

laminar flow (Talling et al., 2012). However, the abundance of grooves suggests the 

development of a laminar plug at the base of these flows or a forerunning and bypassing debris 

flow (Baas et al., 2021), which led to flow bulking (sensu Haughton et al., 2009). Structured 

tops, if present, suggest mixing with ambient water at the rear or upper parts of the flow, which 

reduces viscosity and yield strength (Talling et al., 2002; Sequeiros, 2012). Hummock-like 

bedforms are attributed to the development of combined flows with an oscillatory component, 

indicative of complex interaction between the parental flow and topography (Tinterri, 2011; 

Tinterri et al., 2016) 
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Figure 4.9. Summary diagrams illustrating Type F beds, (A) outcrop photo of the sampled bed, 

(B) detailed log (1:2 scale) of the sample bed, (C) grain size (200 measurements per sample), 

(D) sorting and (E) mineralogy (400 measurements per sample). Representative thin section 

(F; CH-B and G; CH-18) scans, photomosaic and photomicrographs (PPL and XPL). Note 

black squares indicating the location of the photomosaic and red squares in the photomosaic 

indicating the position of the photomicrographs. The arrows in the top right show the top of 

the samples. 
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4.5.7. Type G beds 

Description: Thick-bedded (0.5-6 m) sandy mudstone with sharp, erosive bases and undulatory 

tops. Type G beds contain abundant outsized, subangular sandstone clasts (0.05–1 m) 

supported by a poorly sorted and argillaceous matrix (Figure 4.3). A medium-grained massive 

sandstone can locally underlie the argillaceous thick-bedded deposits with basal grooves 

containing deformed mudstone clasts (0.5-8 cm diameter) (Privat et al., 2021). 

 

Interpretation: The outsized clasts supported within the argillaceous matrix suggest cohesive 

freezing from intermediate to high yield strength debris flows (Figure 4.3; Talling et al., 2012) 

(Sohn 1997). Erosive bed bases and the presence of sandstone clasts suggest the source flows 

entrained compacted substrate (Dakin et al., 2013; Hodgson et al., 2019; Martínez-Doñate et 

al., 2021). Alternatively, the debrites can also represent scour-fills post-dating previous erosive 

and bypassing flows. Mixing the cohesive laminar flow with ambient water might have diluted 

the basal part of the flow (Hampton, 1970; Mohrig et al., 1998; Marr et al., 2001). Therefore, 

both divisions are co-genetic (HEB type 1 of Privat et al., 2021), with the basal sandstone 

representing deposition from a flow cohesive enough to develop grooves (Peakall et al., 2020), 

such as lower to upper transitional plug flows (Baas et al., 2009). Due to their high matrix 

strength and to avoid confusion with other bed types (especially Type D, E and F beds), Type 

G beds are referred to as debrites, despite the local development of transitional flow behaviour 

near their base. 

 

4.5.8. Type H beds 

Description: Thin to thick-bedded (0.1–4 m) sandstones with sharp bases and tops, containing 

abundant grooves on both margins. These sandstones are massive, fine- to medium-grained 

and well-cemented, with rare parallel striations on blistered surfaces (1 cm high and < 2 cm 
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diameter; see Cobain et al., 2017). They contain abundant mudstone clasts (2-5 cm diameter) 

and angular heterolithic rafts (10 – 50 cm length) that are oriented parallel to the bedding 

contacts (Figure 4.3). Sub-horizontal thick-bedded sandstones cross-cut the stratigraphy at low 

angles (< 15°). Thick sandstone beds develop branching into thin-bedded sub-vertical bodies 

(< 0.2 m thick) of similar lithology that cross-cut the stratigraphy at various angles (15-90°).  

 

Interpretation: These features are clastic injectites associated with compaction-driven fluid 

expulsion (Hurst et al., 2011). The sub-horizontal thick sandstones are clastic sills with 

associated clastic dykes.  

 

4.6. Petrography 

Petrological analysis of the 40 thin sections allowed to determine the matrix content, grain size 

and mineral composition of Type A-F beds (Figure 4.4-Figure 4.9). Matrix represents a 

significant component in the analysed samples, ranging from 3.5% to 40.3% and 19.8% on 

average. Most sampled beds show an increase in matrix content from base to top, with a few 

exceptions where the matrix content decreases upwards (Figure 4.5 andFigure 4.8; S4 and S8 

sample beds). The thick-bedded sandstones, where point contacts dominate, contain less matrix 

than the thin-beds, which are matrix-supported. Samples are characterised by a wide grain size 

range, varying from silt to granular, with the mean and median grain size being fine- to 

medium-sand. Overall, bed bases are generally coarser, and the mean grain size decreases 

upwards within the same event bed. This effect is well-developed in low- and high-density 

turbidites (Type A and B; Figure 4.4 and Figure 4.5) and banded TFDs (Type C; Figure 4.6). 

In contrast, HEBs (Type D and E; Figure 4.7 and Figure 4.8) and thick-bedded TFDs (Type F; 

Figure 4.9) can show ungraded profiles. When traced laterally, the grain size also decreases 

across the vertical profile of the event beds, developing (very) fine-grained and matrix-rich 
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pinch-outs. High-density turbidites (Type B beds) and thick-bedded TFDs (Type F beds) are 

the deposits that comprise the coarsest grain sizes (medium to coarse sand), whereas the rest is 

finer (very fine to medium sand) (Figure 4.10). 

 

Figure 4.10. Graph showing matrix content as a function of the mean grain size of each sample 

(n= 40) according to the bed type. The dashed line at the 15% matrix represents the threshold 

for matrix-poor and matrix-rich intervals (Pettijohn et al., 1972). Note that the high-density 

turbidites (Type B beds) are the coarsest and less argillaceous, in contrast to most TFDs (Type 

C, D, E, and F beds) and low-density turbidites (Type A bed). 

 

4.6.1. Compositional trends 

Description: The analysed samples were plotted on standard Qm-F-Lt (Dickinson et al., 1983), 

Lv-Lm-Ls (Ingersoll and Suczek, 1979) and Qp-Lv-Lsm (Dickinson, 1985) ternary diagrams 

(Figure 4.11). In the Qm-F-Lt diagram (Dickinson et al., 1983), nine samples plot in the 

recycled orogenic field, nine in the mixed field, and twenty-two in the magmatic arc field 
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(Figure 4.11A). From those twenty-two samples, nineteen correspond to the dissected arc field, 

whereas three are in the transitional arc field. The Lv-Lm-Ls diagram (Ingersoll and Suczek, 

1979) reveals the dominance of volcanic lithoclasts over the other two lithic fragment types by 

plotting thirty-seven samples on the back-arc basin field and three on the forearc basin field 

(Figure 4.11B). The Qp-Lv-Lsm diagram (Dickinson, 1985) plots twenty-seven samples on the 

magmatic arc field and thirteen on the mixed field (Figure 4.11C). 

 

Interpretation: The petrographic work and later plotting of the collected samples into different 

ternary diagrams reveal a consistent provenance field for the Early Jurassic Los Molles 

Formation in the Chachil Graben corresponding to the magmatic arc (Burgess et al., 2000; 

Sugawara & Nikaido, 2014) and supported by the NE-directed palaeocurrents. Therefore, 

mixed source areas are unlikely to be responsible for the observed differences in depositional 

architecture and bed types within and between the Lower and Upper Lobe Complexes.  

 

Figure 4.11. Ternary diagrams of the 40 analysed samples. (A) QmFLt (Dickinson et al., 1983) 

show a mixed and arc provenance. (B) Lv-Lm-Ls (Ingersoll and Suczek, 1979) show a volcanic 

arc source of the samples due to the dominance of volcanic lithoclasts (Lv) over sedimentary 

(Ls) and metamorphic (Lm) lithoclasts. (C) Qp-Lv-Lsm diagram (Dickinson, 1985) showing 

volcanic arc source. 
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Figure 4.12. Bed type association representing lobe sub-environments: lobe axis, lobe off-axis 

and lobe fringe of Lower and Upper Lobe Complexes. 

 

4.7. Lobe sub-environments 

The studied bed types are stacked into 3-7 m-thick, composite stratal units, bounded at the base 

and top by 0.2-1 m thick regional mudstones. These sandstone-rich packages represent 

intraslope lobes (Privat et al., 2021). Three bed type associations are identified based on 

interpreted sedimentary processes and depositional environments (Figure 4.12). These bed type 

associations represent lobe sub-environments, including lobe axis, lobe off-axis and lobe fringe 

(sensu Prélat et al., 2009). The lobes of each lobe complex show a different transition from 

axial to fringe sub-environments, which impacted the architecture of the individual lobes and 
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the lobe complexes. In the lower lobe complex lobes, the lobe axis passes to the lobe off-axis 

in ~1 km, into the lobe fringe over 0.5 km, and pinching out in ~1 km (Figure 4.12). In the 

lobes within the Upper Lobe Complex, these transitions are more gradual, passing from the 

lobe axis into the lobe off-axis over a horizontal distance of ~1.2 km and from off-axis to fringe 

environments over 0.8 km and pinching out in ~1.3 km (Figure 4.12). 

 

4.7.1. Lobe axis 

Description: This lobe sub-environment is characterised by amalgamated medium- to thick-

bedded sandstones (< 1.2 m thick) forming stratal packages with rare mudstone intervals 

between the sandstone beds (< 0.1 m thick) (Figure 4.12). The lobe axes within the Lower Lobe 

Complex are ~4.5 m thick and dominated by TFDs, with Type F beds dominating over Type E 

beds (Figure 4.12). In contrast, the lobe axes of the Upper Lobe Complex are ~7 m thick and 

entirely dominated by thick-bedded, matrix-poor high-density turbidites (Type B beds) (Figure 

4.12). 

 

Interpretation: The highly amalgamated thick-bedded package represents a proximal 

environment dominated by deposition from energetic and high-concentration flows, supporting 

a lobe axis interpretation (Hodgson et al., 2006; Prélat et al., 2009; Sugawara & Nikaido, 2014; 

Spychala et al., 2015). In the Lower Lobe Complex, the elevated concentration, cohesiveness, 

and high-deceleration rates promoted capacity-driven deposition (Hiscott, 1994a), resulting in 

the development of the TFDs-dominated lobe axis comprising thick, amalgamated beds. In 

contrast, the axial parts of lobes in the Upper Lobe Complex were formed under erosional high-

density turbidity currents. Despite the abundant mudstone clasts in Type B beds, no critical 

flow transformation developed due to the limited disaggregation of any contained clay, 

enabling preferential deposition of the coarsest grain fraction, and producing partial bypass of 
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the finer sediments to more distal, down-current areas (Kneller & McCaffrey, 2003; Stevenson 

et al., 2015).  

 

4.7.2. Lobe off-axis 

Description: Well-stratified, heterolithic successions of mudstones (< 0.1 m thick) and 

medium-bedded sandstones characterise the lobe off-axis sub-environment. The lobe off-axis 

shows a lower sandstone-mudstone proportion than the lobe axis due to the lower bed thickness 

and a reduced level of bed amalgamation (Figure 4.12). Sandstone beds in the Lower Lobe 

Complex are thinner (0.1- 0.5 m thick) than in the Upper Lobe Complex (0.1-0.7 m thick). The 

lobe off-axis deposits of lobes in the Lower Lobe Complex are ~4 m thick and dominated by 

thin to medium-bedded HEBs (Type D and E). However, subsidiary thick-bedded TFDs (Type 

F), banded TFDs (Type C), and low-density turbidites (Type A) are also observed. The lobe 

off-axis deposits of the lobes within the Upper Lobe Complex are ~4.5 m thick and shows less 

variability and thicker deposits. It is dominated by thick-bedded TFDs (Type F) and medium- 

to thick-bedded HEBs (Type E), and rare low-density turbidites (Type A).  

 

Interpretation: The range of thin- to thick-bedded argillaceous deposits documented within the 

lobe off-axis suggests a sub-environment of deposition characterised by high-concentration 

flows with variable internal stratification and rheology. The dominance of TFDs with mudstone 

clasts indicates substrate entrainment and flow bulking (Haughton et al., 2009), which increases 

flow cohesion and concentration. Entrainment and disaggregation of clay promote the 

formation of oversaturated and cohesive flows (Kane et al., 2017) that could not transport their 

sediment load to distal parts of the lobe, thus promoting capacity-driven deposition (Hiscott, 

1994a). Type C beds are interpreted as the product of a more moderate flow transformation 
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and deceleration rate, where the cohesive forces are not dominant enough to produce flow 

collapse (Stevenson et al., 2020). The differences between the lobe off-axis deposits of the 

Lower and Upper Lobe Complexes (amalgamation, thickness and variability of the deposits) 

lie in the behaviour of the source flows and their depositional character in the proximal sub-

environment (lobe axis). In the Lower Lobe Complex, as the thick-bedded TFDs and HEBs 

were already deposited in the lobe axis, the flows reaching the lobe off-axis developed thinner 

deposits (Type C, D and E beds). In contrast, in the Upper Lobe Complex, the high-density 

turbidity currents transformed into transitional flows over longer distances, leading to high-

density turbidite dominated (Type B beds) lobe axis and medium- to thick-bedded TFD-

dominated (Type E and F beds) lobe off-axis. 

 

4.7.3. Lobe fringe 

Description: This lobe sub-environment is characterised by a well-stratified, fine-grained 

heterolithic succession composed of mudstones (< 0.25 m thick) and thin beds of sandstones 

(< 0.3 m thick). The sandstone-mudstone proportion is lower than the lobe axis and off-axis 

sub-environments (Figure 4.12). Overall, lobe fringes from the Lower and Upper Lobe 

Complex are similar, being ~3 m thick (Figure 4.12). Both comprise thin-bedded HEBs (Type 

D beds), banded TFDs (Type C beds) and low-density turbidites (Type A beds). However, the 

Lower Lobe Complex shows a higher proportion of thin-bedded HEBs (Type D beds), whereas 

the Upper Lobe Complex comprises a higher proportion of low-density turbidites (Type A 

beds) and rare medium-bedded HEBs (Type E beds).  

 

Interpretation: The thin-bedded heterolithic packages and lack of bed amalgamation suggest 

deposition in distal lobe settings. Thin-bedded HEBs (Type D beds) support flow 
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transformation across the entire lobe, with flows that could not carry the sediment for a longer 

distance due to low flow cohesiveness, high deceleration rate, or both (Kane et al., 2017). The 

other fundamental deposit, the low-density turbidites (Type A beds), are related to the source 

flow's high flow efficiency and dilute nature, which largely bypasses proximal lobe sub-

environments and are deposited in distal areas. Such flows are deflected and reflected from 

intrabasinal relief without collapsing, reworking the sediment and developing bidirectional 

ripple lamination (e.g. Kneller and McCaffrey, 1999). In these relatively distal sub-

environments, banded TFDs (Type C beds) developed through flow deceleration, enhancing 

the cohesive forces over the turbulence (Stevenson et al., 2020). The rare presence of medium-

bedded HEBs (Type E) in the Upper Lobe Complex is likely to represent flow transformation 

over a long distance from efficient high-density turbidity currents, enabling sediment transport 

and deposition in distal areas.  

 

4.8. Intraslope lobe complex architecture and bed type distribution 

The bed type associations described in the previous section are spatially and genetically related, 

representing different sub-environments within intraslope lobes. These intraslope lobes are 

stacked, forming two lobe complexes (Lower and Upper Lobe Complex), each bounded at the 

base and top by a > 4 m thick regional mudstone or an erosionally-based debrite (Type G beds) 

(Figure 4.13; log 1 to log 7). The sandstone-mudstone proportion was quantified for each bed 

type within each lobe for both lobe complexes in three different areas based on 764 sandstone 

beds (Figure 4.14A). Logs 1-4, 5-6, and 7-8 represent the proximal, medial, and distal locations, 

respectively (Figure 4.1C). Logs 9-11 were not included in this analysis due to limited coverage 

of the investigated stratigraphic interval. 

 



Chapter 4: Stratigraphic change in flow transformation processes recorded in early post-rift deep-marine lobe 

complexes in an intraslope setting 

158 
 

 
Figure 4.13. Detailed correlation panel showing the different lobe sub-environments, both lobe 

complexes' overall architecture and pinch-out positions. Rose diagrams show palaeocurrents 

for each lobe complex and log. Tool marks show higher divergence than ripples lamination as 

denser flows/divisions are more sensitive to intrabasinal topography than dilute 

flows/divisions. 
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Figure 4.14. (A) Graphs showing sandstone-mudstone proportion (left), bed type proportion 

(centre) and bed type occurrence (right) from both Lower and Upper Lobe Complexes in 

proximal (Log 1-4), medial (Log 5-6), and distal (Logs 7-8) parts (see Figure 4.1C for location). 

(B) Summary diagram of different flow evolution showing deposit variability from proximal 

to pinch-out areas. Denser flows tend to decelerate more abruptly and produce strong deposit 

variability, unlike dilute flows, which can maintain their efficiency for longer distances. The 
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greater the incorporation of cohesive mud, the shorter the distance over which flows transform 

into low-efficiency cohesive flows, resulting in rapid flow collapse. 

 

4.8.1. Lower Lobe Complex 

The Lower Lobe Complex is ~45 m thick and contains 10 compensationally stacked intraslope 

lobes (see 'jig-saw architecture'; Marini et al., 2015) (Figure 4.13). Additionally, an overall 

basinward stepping stacking pattern of successive lobe pinch-outs is observed, recording the 

forestepping trend for the lobe complex (Figure 4.13). Lobes achieve a maximum thickness of 

4.5 m and comprise the thickest (< 1 m thick) sandstone beds in their proximal parts (logs 1-

4). These lobes are almost tabular, showing thinning rates of ~0.4 m/km (Figure 4.13). 

However, lobes pinch out abruptly north-eastwards (between logs 7-9) over a horizontal 

distance of 2.4-2.7 km (Picún Leufú; Figure 4.1C and Figure 4.13). 

Apart from a complicated stacking pattern, the Lower Lobe Complex also records variability 

in sandstone content and bed type from proximal to distal (Figure 4.14A). When traced down-

dip over 2.4 km, amalgamation and sandstone-mudstone proportion decrease from 65.0%-

35.0% in proximal and medial areas to 21.7%-78.3% in distal areas (Figure 4.14A). In proximal 

(logs 1-4) and medial (logs 5-6) parts, TFDs (Type D, E and F) dominate over low-density 

turbidites (Type A bed) (proximal: 84%-16% and medial: 87%-13%). In the distal parts (logs 

7-8), beyond the pinch-out of most HEBs and thick-bedded TFD (Type D, E, F), low-density 

turbidites (Type A bed) dominate over TFDs (75%-25%), with occasional thin-bedded banded 

sandstone (Type C bed) (Figure 4.14A). 

 

4.8.2. Upper Lobe Complex 

The Upper Lobe Complex is ~30 m thick and contains 5 aggradationally stacked intraslope 

lobes (Figure 4.13). The lobes are up to 7 m thick in proximal areas (logs 1-4), showing their 
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highest amalgamation ratio and the thickest beds (up to 1.2 m thick) (Figure 4.13). The lobes 

thin northeastward from ~7 m to ~3 m thick, showing thinning rates of 1.2 m/km (Figure 4.13) 

and pinch out over a horizontal distance of ~3.3 km between logs 10 and 11 (compaction hinge 

of El Luchador fault block; Figure 4.1C and Figure 4.13).  

In proximal parts, the Upper Lobe Complex contains a sandstone-mudstone proportion of 66%-

34% and is dominated by high-density turbidites (Type B beds; 98%) (Figure 4.14A). In medial 

areas, the sandstone-mudstone proportion is 75.1%-24.9%, and TFDs (Type E and F beds) 

dominate over turbidites (Type B beds) (87.7%-12.3%) (Figure 4.14A). In distal parts, there is 

an abrupt decrease in sandstone-mudstone proportion (18.3%-81.7%), and low-density 

turbidites dominate (Type A beds) over TFDs and HEBs (55.8%-44.2%) (Figure 4.14A).  

 

4.9. Discussion 

4.9.1. Controls on bed types and flow transformation 

The flow transformations responsible for the reported variability in bed types are proposed to 

have been controlled by the incorporation of clay from the substrate and the flow deceleration 

rates (Figure 4.14B). It is suggested that the flow transformations observed here were 

characterised by the interplay between complex longitudinal and vertical flow segregation 

processes. Longitudinal flow processes are characterised by high concentration bypassing 

debris flow heads responsible for the bedload transfer of mudstone clasts to slower and more 

depositional parts of the flow (Baas et al., 2021). ‘Self-accelerating’ flow cells at the front of 

the flow have been reported in physical modelling (sensu Sequeiros et al., 2009, 2018) and are 

increasingly recognised in modern systems (Azpiroz-Zabala et al., 2017; Paull et al., 2018; 

Pope et al., 2022). However, in the rock record, evidence for the erosional and bypassing debris 

flow head is the abundance of grooves and high matrix content in Type B, C, D, E, F and G 

beds, as reported in this study. The formation of H1 divisions in Type C, D and E beds is 
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inferred to be a product of transitional flows (Baker and Baas, 2020; Hussain et al., 2020) rather 

than turbidites (Haughton et al., 2003, 2009; Davis et al., 2009). This evidence suggests that 

the internal structure is associated with vertical segregation processes (Baas et al., 2011, 2016, 

2021; Kane et al., 2017) rather than a longitudinal process characterised by forerunning 

turbidity currents (Haughton et al., 2003, 2009). The gradual boundaries of the investigated 

HEBs reveal that the flow did not develop stable internal stratification (e.g. Kane et al., 2017), 

suggesting deposition from flows with high deceleration rates (Baas et al., 2011; Baas et al., 

2016; Stevenson et al., 2020). Such high deceleration rates support the interpretation of lobes 

deposited within a complex intraslope topography. In this case, the inherited early post-rift 

topography (Figure 4.15A; Privat, 2019; Privat et al., 2021) led to the development of TFDs in 

proximal lobe sub-environments (Figure 4.15B; e.g. Fonnesu et al., 2015, 2018; Terlaky and 

Arnott, 2016; Brooks et al., 2018c, 2022; Mueller et al., 2021). In contrast, the non-erosional 

low-density turbidites remained almost tabular and without any transition into other bed types 

(Figure 4.14B), indicating more stable flow conditions and efficiency than in the denser 

transitional flows (Al Ja’Aidi et al., 2004).  

 

4.9.2. Sediment routeing pathways and mud availability 

The mudstone-dominated substrate could have enhanced the development of matrix-rich 

deposits (Figure 4.14B). The >100 m thick mudstone package that draped the syn-rift 

topography (Figure 4.15A) was available for incorporation into the overriding flows, and the 

incorporation of this mud could have been enhanced by the immature sediment routing 

pathways (Privat et al., 2021), leading to poor channelisation. Well-developed sediment routing 

pathways remove part of the fines by flow striping and overspill (Peakall et al., 2000; Hodgson 

et al., 2016) and decrease the availability of muddy substrate (Fonnesu et al., 2015, 2018; 
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Mueller et al., 2021; Brooks et al., 2022). The first sediment-gravity flows arriving in the 

Chachil Graben (Figure 4.15A) passed over a semi-consolidated muddy substrate, which could 

have been easily entrained (Terlaky and Arnott, 2014; Kane et al., 2017; Martínez-Doñate et 

al., 2021) causing flow bulking (Haughton et al., 2009). This effect could explain the 

dominance of TFDs in the lobe axis of the Lower Lobe Complex (Figure 4.12, Figure 4.13 and 

Figure 4.15). This contrast with previous studies documenting the sandy nature of instraslope 

lobes (e.g. Spychala et al., 2015; Brooks et al., 2018c). These models highlight the preferential 

trapping of the coarser fraction of the sediment gravity flows, while the more dilute fine-

grained tops of the turbidity currents bypass down-dip. However, flow decoupling (Kneller and 

McCaffrey, 1999) might have been reduced by the cohesive forces within the transitional flows 

during the development of lobes within the Lower Lobe Complex. In contrast, in the Upper 

Lobe Complex, the flows travelled over sandier deposits (Figure 4.13 and Figure 4.15A), which 

might have limited entrainment of the muddy substrate (Terlaky and Arnott, 2014). This 

interpretation is supported by the dominance of high-density turbidites in the lobe axis and 

TFDs and HEBs in lobe fringes (Figure 4.13 and Figure 4.15B). The bed type proportion in 

medial parts of the Upper Lobe Complex is comparable to the proportions in proximal parts of 

the Lower Lobe Complex (Figure 4.14A). A similar effect is observed at the lobe scale, with 

the lobe axes of the Lower complex and lobe off-axis deposits of the Upper Lobe Complex 

comprising similar bed type associations despite the different degrees of bed amalgamation 

(Figure 4.12). This study highlights the role that variable substrate entrainment can play in 

intraslope lobes with a similar source.  
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Figure 4.15. Schematic diagrams show (A) the response of parental sediment gravity flows 

interacting with the early post-rift seafloor relief (B) and a submarine lobe from Lower and 

Upper Lobe Complexes. The Lower Lobe Complex pinch-out is more proximal than the Upper 

Lobe Complex due to the flattening of the inherited early post-rift topography over time. 

Denser flows or parts of flows are restricted to the topographic lows, while the more dilute 
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ones can travel further into the compaction hinge, depositing low-density turbidites. Note the 

positions of the logs marked by black squares. 

 

4.9.3. Impact of topography on the pinch-out pattern 

Seafloor relief affects the deceleration rates of sediment gravity flows, impacting the character 

of deep-water deposits (e.g., Sumner et al., 2008; Baas et al., 2011; Stevenson et al., 2020). 

Depending on their flow properties, sediment gravity flows will respond differently when 

interacting with such relief (Kneller and McCaffrey, 1999; Al Ja’Aidi et al., 2004; Smith, 

2004a; Bakke et al., 2013) and influence the distribution of bed types in the lobes (Figure 4.14 

and Figure 4.15). The abruptness of pinch-out terminations (Bakke et al., 2013; Soutter et al., 

2019) is strongly controlled by the yield strength of the source flow with limited flow efficiency 

(Hiscott, 1994a). This effect is observed in the Chachil Graben, where the lobe complex 

terminations offset the pinch-out of the contemporaneous debrites (Figure 4.13). This effect is 

not limited to laminar flows; it also impacts the transitional flows producing thin-bedded, 

matrix-rich HEBs (Type D beds) that pinch out abruptly against the frontal topography (Figure 

4.14B). Denser flows are more sensitive to intrabasinal topography than dilute flows/divisions 

(e.g. Tőkés and Patacci, 2018). This statement is supported by the high divergence in 

palaeoflow reported from the multidirectional grooves, indicative of the sensitivity of TFDs 

(Peakall et al., 2020) to obstacles (e.g. debrite rugosity; Muzzi Magalhaes and Tinterri, 2010) 

and basin-scale topography (e.g. compaction hinge) (Figure 4.15A). In contrast, the dilute 

(parts of) flows did not decelerate rapidly enough or failed to entrain enough substrate mud to 

suppress flow turbulence (Al Ja’Aidi et al., 2004; Talling et al., 2012). This results in extensive 

thin-bedded low-density turbidites (e.g. Smith, 2004) or banded TFDs offsetting the pinch-out 

of HEBs, depositing on relative topographic highs as seen with the pinch-out pattern 

documented in the study area (Figure 4.14B). The ripple and flame structures indicate that 

proximal areas (logs 1-4) show an overall NE trend, with deflection/reflection indicators 
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(Figure 4.13; Privat et al., 2021). Another indicator of complex flow behaviour resulting from 

the interaction between transitional flows and seafloor relief is the development of hummock-

type structures (Figure 4.9; S5 sample bed). These structures are evidence of combined flows 

characterised by an oscillatory component produced by internal waves and reflected bores 

(Tinterri et al., 2016). Combined-flow bedforms are well-developed in the Lower Lobe 

Complex, where a higher degree of flow confinement and interaction with topography is 

inferred (Figure 4.15A). 

 

4.9.4. The steepness of the confining slope and comparison with other systems 

Intraslope lobe complexes of the earliest Los Molles Formation were deposited under the 

influence of a S-facing, oblique to frontal counterslope formed by a compaction hinge above 

the El Luchador fault block (Privat et al., 2021) (Figure 4.15). Reconstructing the steepness of 

the confining slope during this earliest post-rift stage is not straightforward where onlap 

terminations against basin margins are not developed. Deep-water systems interacting with 

gentle topography (i.e., a fraction of a degree) tend to produce a complex pinch-out of the sand-

rich lobe component, characterised by an aggradational succession of tens of metres of thin-

beds containing climbing ripples. Published examples include the Welsh Basin (Smith, 2004a) 

and Karoo Basin (Spychala et al., 2017c). In contrast, on steeper slopes (i.e., > 10 degrees), the 

characteristic termination style is onlap of sheet-like sandstone beds unconformably 

terminating directly onto the basin margin, such as in the Annot Basin, France (Kneller and 

McCaffrey, 1999; Sinclair, 2000; McCaffrey and Kneller, 2001; Bakke et al., 2013; Soutter et 

al., 2019) and the Laga Basin in Italy (Marini et al., 2015). In the Chachil Graben, the 

abruptness of pinch-outs, lack of climbing ripple lamination, and the bed types reported in this 

contribution suggest that the compaction hinge-related counterslope was steeper (> 1 degree) 
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than those reconstructed for the Welsh (Smith, 2004a) and Karoo Basin (Spychala et al., 2017c) 

but less steep than those reported in the Annot (Du Fornel et al., 2004; Soutter et al., 2019) or 

Laga Basin (Marini et al., 2015). Further quantifying the angle in the Chachil Graben is 

challenging due to the similarity between the organic-rich calcareous mudstones that draped 

the rift topography (Privat et al., 2021) and the high-efficiency silty, low-density turbidites 

offsetting the sandstones (distal fringe; Boulesteix et al., 2020). In addition, post-depositional 

compaction-driven deformation (burial-related) and the draping nature of the more distal 

deposits might lead to overestimating the counterslope angle (Pickering and Hilton, 1998; 

Bakke et al., 2013). Another indicator of seafloor relief is the presence of an injectite network 

(Figure 4.13 and Figure 4.15A; Cobain et al., 2017; Hansen et al., 2019). This suggests that 

early post-rift topography is not solely limited to inheritance from the previous extensional 

phase but can be locally enhanced by compaction-related deformation, promoting long-lived 

seabed relief that largely influenced the nature of the intraslope lobes.  

 

4.9.5. Controls on stratigraphic architecture 

The differential flow deceleration and deposition produced by the frontal topography in the 

Chachil Graben promoted a thicker accumulation of lobe-related deposits over the depocentre 

lows than on the topographic highs (Figure 4.14 and Figure 4.15) (Smith and Joseph, 2004). In 

the Lower Lobe Complex, the abruptness of the pinch-out terminations, the tabularity of the 

intraslope lobes (4.5 m thick and < 1m thinning), and the multidirectional grooves and ripples 

suggest that a complex frontal seafloor topography was a strong control on geometry and 

architecture. The Lower Lobe Complex (~45 m thick) is characterised by a progressive down 

dip advancement of the pinch-out position from base to top (Figure 4.13 and Figure 4.15A). 

This pinch-out pattern suggests infilling, flattening, and smoothing the complex inherited rift 
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topography over time (Figure 4.15) (e.g., Ross et al., 1994; Hay, 2012). The stacking of 10 

intraslope lobes shows a compensational pattern (e.g. Mutti and Sonnino, 1981; Deptuck et al., 

2008; Prélat et al., 2009) with a strong aggradational component, where topography confined 

the lobes frontally but enabled lateral compensation. The interpretation is that during the 

deposition of the Lower Lobe Complex, the deep-water system was confined (Winker, 1996; 

Sinclair, 2000; Southern et al., 2015) at the lobe scale but semi-confined (Marini et al., 2015; 

Dodd et al., 2019) at the lobe complex scale. In the Upper Lobe Complex (~30 m thick), the 

five intraslope lobes are thicker (7 m thick), show lower thinning rates, and can be traced over 

longer distances (> 3.3 km) than in the Lower Lobe Complex. This architecture and termination 

style suggest that seafloor topography impacted individual lobes less. Given that the pinch-out 

terminations developed over the compaction hinge, flows were likely to deflect towards the 

E(NE) after interacting with the south-dipping oblique-to-frontal oriented (see Kneller et al., 

1991; Soutter et al., 2021) compaction hinge. The five intraslope lobes show an aggradational 

stacking pattern, juxtaposing similar sub-environments on top of one another. This reveals that 

even if the Upper Lobe Complex and its lobes recorded a reduction in frontal confinement 

(compared to the Lower Lobe Complex), the system was more confined laterally at the lobe 

complex scale, limiting lobe-scale compensational stacking. In other words, the stratigraphic 

evolution presented here shows an upward decrease in fontal confinement at both lobe and lobe 

complex scales; however, there is an increase in the degree of lateral confinement. It is 

postulated that the increasingly aggradational stacking pattern recorded from the Lower to the 

Upper Lobe Complex is unrelated to depocentre-scale topography modification but rather to 

an increase in sediment input and flow efficiency. Additionally, the continuous slope 

degradation and emplacement of debrites might have flattened the topography, favouring the 

connectivity along the slope and efficiency of the flows. This highlights that the concept of 

confinement is related to the balance between the accommodation and the size of the 
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depositional system and their source flows. Considering the two lobe complexes as a lobe 

complex set (Prélat et al., 2009), this larger unit shows a progradational stacking pattern (e.g. 

Hodgson et al., 2006; Grundvåg et al., 2014) related to the maturation of the sediment routing 

pathway (Hodgson et al., 2016) and smoothing of the inherited topography (Figure 4.15). This 

study highlights the impact of inherited early post-rift topography characterised by compaction 

hinge(s) development over syn-rift horsts could be more complex than previously reported, 

impacting deep-water systems from bed to bed to lobe-complex scale. 

 

4.10. Conclusions 

Two exhumed early post-rift intraslope lobe complexes show consistently different 

characteristics. Transitional flow deposits dominate the argillaceous Lower Lobe Complex, and 

beds pinch out more abruptly than in the overlying turbidite-dominated lobe complex. Both are 

volcanic arc sourced, and the source area was not responsible for the differences in bed types 

between the lobe complexes. The preferred interpretation is an autogenic response of the 

depositional system due to the progressive healing of intraslope relief, maturing of sediment 

transport routes, and reduction in muddy substrate entrainment. The compaction hinge(s) acted 

as a barrier for the denser and cohesive (parts of) flows, but the dilute turbidity currents could 

override and deposit on the intrabasinal slope. This study highlights the primary role of subtle 

inherited relief developed during the early post-rift stage of basin development. This model 

may provide new insights into how these systems act as hydrocarbon reservoirs, aquifers, and 

carbon storage sites. A better understanding of grain type and grain size segregation from 

proximal to distal parts of deep-water systems is critical for carbon sequestration and the CO2 

plume dynamics. 
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5.1. Abstract 

Tectonic deformation and associated submarine slope failures create seafloor relief that can 

strongly influence the pathways of subsequent sediment gravity flows and the resulting 

architecture of deep-water depositional systems. The exhumed Middle Eocene strata of the 

Banastón deep-water system in the Aínsa Basin, Spain, allow the investigation of the interplay 

between submarine slope channel systems and syn-depositional compressional tectonics. 

Previous studies have documented and mapped six sandstone-dominated sub-units (Banastón 

I-VI), interpreted as low-sinuosity and narrow channel-belt deposits confined by two 

tectonically-induced fine-grained opposing slopes. This study focuses on the Banastón II unit, 

exposed along a 1.5 km long dip-orientated (NW-SE) outcrop belt. Here detailed facies analysis 

is performed and physically correlated 10 measured sections over 1.5 km within a 111 m-thick 

stratigraphic interval. Results show the juxtaposition of overbank areas over channel belt 

deposits, displaying a stratigraphic evolution whereby the channel axes progressively migrated 

to the southwest, away from a growing structure in the northeastern part of the study area. 

Uplift of the active margin promoted mass-wasting events and the emplacement of submarine 
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landslides of different nature within the channel belt and overbank areas. These facilitated 

breaching of the active margin channel walls, leading to the development of crevasse scour-

fills and associated crevasse lobes deposited in the slide scar generated by the evacuation. The 

development of crevasse deposits on the active margin contrasts with other studies in similar 

foreland channel systems, where crevassing is only reported in the opposing, more stable slope. 

This phenomenon is interpreted as the result of accommodation generated by mass-wasting 

processes adjacent to the active basin margin, which impacted the sediment routing and 

depositional patterns of channelized gravity flows. Finally, the role of multiple mass failure 

events on channel avulsion in tectonically-active compressional margins is also explored and 

discussed. 

 

5.2. Introduction 

Submarine canyons and channel systems are conduits for the delivery of sediment (Mutti and 

Normark, 1991; Piper and Normark, 2001), nutrients (Heezen et al., 1955) and pollutants (Kane 

and Clare, 2019; Zhong and Peng, 2021) to deep-water, where associated deposits form 

archives of paleoenvironmental change (Prins and Postma, 2000; Castelltort et al., 2017; 

Läuchli et al., 2021; Soutter et al., 2022). Channel belts result from the erosional degradation 

of the slope and/or the aggradation of constructional overbank deposits (Buffington, 1952; 

Menard, 1955; Normark, 1970). Sediment-gravity-flows travelling downslope are partially 

confined within the channel belts, with the more dilute and finer fraction of flows able to be 

flow stripped or overspill and deposit on the overbank areas (Piper and Normark, 1983; Peakall 

et al., 2000; Keevil et al., 2006; Kane et al., 2007; Kane and Hodgson, 2011; Hansen et al., 

2017a). When these flows are unconfined, the construction of wedge-shaped deposits 

(Buffington, 1952), and are commonly termed external levees (Kane and Hodgson, 2011). 

However, limited accommodation in confined settings can hinder the development of external 
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levees, such as foreland basins (overbank wedges of De Ruig and Hubbard, 2006; Hubbard et 

al., 2009). Breaching of the channel margin or external levee can lead to crevasse lobe 

deposition and ultimately result in avulsion of the channel system (Damuth et al., 1988; 

Posamentier and Kolla, 2003; Fildani and Normark, 2004; Armitage et al., 2012; Brunt et al., 

2013; Maier et al., 2013; Morris et al., 2014). The most commonly documented breaching 

mechanisms are enhanced bank erosion by downstream meander migration (sweep) and/or 

lateral meander growth (swing) (e.g. Peakall et al., 2000; Abreu et al., 2003; Deptuck et al., 

2003), and mechanic weakening by overpressure leading to collapse of channel walls (e.g. 

Sawyer et al., 2014) or the external levee (Ortiz-Karpf et al., 2015).  

The evolution of submarine channel systems in active compressional tectonic settings remains 

poorly understood compared to unconfined settings. The longitudinal profile, evolution and 

architecture of deep-water channels in active tectonic settings are strongly controlled by pre- 

or syn-depositional relief (e.g. Heiniö and Davies, 2007; Kane et al., 2010a; Georgiopoulou 

and Cartwright, 2013), halokinesis (e.g. Beaubouef and Friedmann, 2000; Gee and Gawthorpe, 

2006) and emplacement of submarine landslides (Canals et al., 2000; Pickering & Corregidor, 

2005; Fairweather, 2014; Kneller et al., 2016; Kremer et al., 2018; Nwoko et al., 2020b; Tek 

et al., 2020, 2021b; Steventon et al., 2021). Hereafter the term submarine landslide will refer 

to the product of a remobilized sedimentary body translated downslope due to gravitational 

instabilities and deposited en masse (Nardin et al., 1979; Hampton et al., 1995; Mulder and 

Alexander, 2001; Moscardelli and Wood, 2008; Bull et al., 2009; Talling et al., 2012; Kneller 

et al., 2016). Sediment routing and deep-water stratal patterns in active foreland basins largely 

depend on the basin physiography, which is often characterised by two or more opposing and 

confining slopes and influenced by the uplift/movement of compressional structures. 

Submarine channels in these settings are characterised by low sinuosity, and the mechanisms 

for avulsion are less understood than in highly sinuous, unconfined channel systems. While the 
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large-scale morphology of structurally confined submarine channel systems can be resolved 

with seismic reflection data, the distribution and decimetre- to the metre-scale architecture of 

sand-prone elements within otherwise mudstone-dominated stratal packages are rarely 

resolvable. Commonly, field-based studies are used to characterise these sub-seismic-scale 

elements, although deposits in active foreland basins are often highly deformed due to syn- and 

post-depositional compressional tectonics.  

 

5.2.1. Study Area: San Vicente (Aínsa Basin) 

The exhumed Eocene deep-water strata of the Aínsa Basin are well-preserved examples of 

submarine slope channel fill deposits in an active foreland basin setting (Figure 5.1A). Here, 

the growth and propagation of structures related to the Pyrenean orogeny controlled the 

formation and migration of successive deep-water systems (e.g., Pickering and Corregidor, 

2005; Arbués et al., 2007; Pickering and Bayliss, 2009; Dakin et al., 2013; Cantalejo and 

Pickering, 2014; Bayliss and Pickering, 2015; Scotchman et al., 2015a; Castelltort et al., 2017; 

Bell et al., 2018; Tek et al., 2020). This field-based study focuses on one of the deep-water 

systems (the Banastón system) (Figure 5.1B) and involves ten (10) detailed sedimentary logs 

(measured at 1:20 scale) in the San Vicente area (north Aínsa Basin) (Figure 5.1C). The 

Banastón II sub-unit is well-exposed in a 111 m-thick succession along a 1.5 km long dip 

orientated (NW-SE) outcrop belt. The objectives of this study are to 1) improve our 

understanding of the different environments of deposition and architecture of foreland slope 

channels at bed scale; 2) document the controls and sedimentary processes involved in crevasse 

lobe development; 3) evaluate the role that active tectonism and mass wasting processes played 

in the general evolution and avulsion of the Banastón channel system.  
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Figure 5.1. (A) Structural map of the Pyrenees (after Muñoz et al., 2013) and location of the 

Aínsa Basin (See black square). (B) Geologic map of the Banastón system and the main 

structures (after Bayliss and Pickering, 2015). Note the black square indicating the location of 

the study area. (C) Geologic map of the study area near the San Vicente town (after Pickering 

and Bayliss, 2009; Bayliss and Pickering, 2015) and the sedimentary logs collected in this 

study. 
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5.3. Geological setting 

Late Cretaceous to Miocene convergence between Eurasian and Iberian continental plates 

resulted in the formation of the Pyrenees (Srivastava and Roest, 1991; Muñoz, 2002; 

Rosenbaum et al., 2002), and their related north and south Pyrenean foreland basins (Figure 

5.1A). The southern foreland basin was characterised by a thin-skinned fold-and-thrust system 

with southward vergence, which led to the development of WNW-ESE orientated narrow and 

elongated piggyback basins (Muñoz, 2002), which deepen westwards (Dreyer et al., 1999). The 

south-central foreland basin is commonly subdivided into three main sectors, which formed a 

linked source-to-sink system during the Lower to Middle Eocene (Nijman, 1998; Payros et al., 

2009; Chanvry et al., 2018): i) the Tremp-Graus depocentre in the east, with alluvial, fluvio-

deltaic and shallow-marine deposits; ii) the Aínsa depocentre in the central part, dominated by 

submarine slope deposits; and iii) the Jaca depocentre in the west, where the basin floor 

deposits are found. The deep-water deposits of the Aínsa and Jaca depocentres are collectively 

known as the Hecho Group (Mutti et al., 1972) and have been the focus of several studies (e.g. 

Barnolas and Gil-Peña, 2002; Pickering and Corregidor, 2005; Arbués et al., 2007; Payros et 

al., 2009; Pickering and Bayliss, 2009; Clark and Cartwright, 2011; Pohl and Mccann, 2014; 

Cantalejo and Pickering, 2014; Scotchman et al., 2015a, b; Bayliss and Pickering, 2015; 

Castelltort et al., 2017; Läuchli et al., 2021). The Hecho Group turbiditic systems were 

predominantly fed from the fluvio-deltaic environments in the east (Fontana et al., 1989; Gupta 

and Pickering, 2008; Caja et al., 2010; Thomson et al., 2017), supplying the Aínsa depocentre 

through a series of the tectonically-controlled submarine canyon and channel systems, well 

exposed in the southeast part of the depocentre (Mutti, 1977; Puigdefàbregas and Souquet, 

1986; Millington and Clark, 1995).  

In the Aínsa Basin, seven deep-water systems have been recognised: Fosado, Arro, Gerbe, 

Banastón, Aínsa, Morillo and Guaso (Burbank et al., 1992; Payros et al., 2009; Poyatos-Moré, 
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2014; Bayliss and Pickering, 2015; Scotchman et al., 2015; Castelltort et al., 2017; Clark et al., 

2017). This study focuses on the Lutetian Banastón system, whose cumulative thickness ranges 

from ~500 m on the upper slope to ~700 m on the lower slope (Bayliss and Pickering, 2015). 

The channelized system was characterised by an axial supply (NNW directed paleoflow) with 

a lateral-offset stacking pattern towards the WSW (Figure 5.1B). This progressive channel 

axes' migration towards the WSW was controlled by the syn-depositional growth and 

propagation of NW-SE oriented oblique-lateral ramp structures related to more regional E-W 

thrust sheets. (Poblet et al., 1998; Fernández et al., 2012; Muñoz et al., 2013). Bayliss and 

Pickering (2015) mapped six channelized sandstone bodies within the Banastón system: BI 

(149 m thick and 2000 m wide), BII (98m thick and 1800 m wide), BIII (72 m thick and 1700 

m wide), BIV (124 m thick and 2500 m wide), BV (97 m thick and 3300 m wide) and BVI 

(160 m thick and 2400 m wide) (Figure 5.1B). These six channelized sandstone bodies were 

subdivided into Stage I (BI-BIII) and Stage 2 (BIV-BVI) by Bayliss and Pickering (2015), 

where BI, BII and BIII were confined between the Mediano and Añisclo anticlines, and BIV, 

BV and BVI between the Añisclo and Boltaña anticlines, forming two NNW-oriented corridors 

~5-8 km wide. This study focuses on the Banastón II sub-unit, whose deposition has been 

linked to a period of active tectonism (Läuchli et al., 2021). 

 

5.4. Data and methods 

The sedimentology and stratigraphic architecture of a 111 m-thick section in the Banastón II 

sub-unit over a 1.5 km SW-NE orientated outcrop belt were investigated. The bedding within 

the studied succession dips 30° to the SSW. Ten detailed sedimentary logs (Figure 5.1C) were 

collected at a 1:20 scale to document bed thicknesses, lithology, sedimentary structures, 

textures and palaeocurrent measurements (n=73) from ripples, flutes and grooves. Logs were 

correlated by walking individual sandstone packages, enabling the characterization of different 
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facies associations and the general stratigraphic evolution of the Banastón II system in the study 

area. Additionally, 7 detailed logs were collected at a 1:2 scale to document a specific 

stratigraphic interval's complexity and fine-scale thickness variability. Additionally, Uncrewed 

Aerial Vehicle (UAV) photogrammetry was used to capture the stratigraphic architecture of 

stratal packages and cover inaccessible areas.  

5.5. Facies associations 

Based on facies and outcrop analysis, 14 lithofacies in the Banastón II sub-unit are recognised 

(Figure 5.2, Figure 5.3, Figure 5.4, Table 5.1, Table 5.2 and Table 5.3). These lithofacies have 

been grouped into 5 facies associations (Figure 5.5), representing different depositional sub-

environments.  

5.5.1. FA1: Overbank deposits 

Description: This facies association is characterised by thin-bedded heterolithic < 20 m thick 

successions (Figure 5.5A) dominated by alternating structureless carbonate mudstones (Lf1) 

and thin-bedded siltstones and sandstones (Figure 5.2A). Mudstones constitute 92.5% of FA1, 

while siltstones and sandstones constitute 7.5% (Figure 5.5A). Some thin siltstone and 

sandstone beds develop flat to loaded bases and lenticular tops, pinching out laterally (Lf2a) or 

are laterally extensive (Lf2b) at the outcrop scale (Figure 5.2A and Figure 5.2B). Lf2a is 

structureless or comprises starved-ripple cross-lamination (Figure 5.2A), while Lf2b shows 

planar lamination (Figure 5.2B). Locally, the conformable bedding of FA1 can be interrupted 

by unconformable 0.5-7 m thick deformed heterolithic packages, rotated above south-

westwards dipping concave-up planes (LF7a and Lf7b; Figure 5.4A, Figure 5.4B and Figure 

5.4C). LF7a is thinner than 5 m and shows limited disaggregation, with minor deformation in 

the bedding (Figure 5.4A and Figure 5.4B). However, Lf7b is 5-7 m thick, and the bedding is 

deformed and comprises metre-scale amplitude folds (Figure 5.4C). 
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Figure 5.2. Outcrop photographs of Lf1-Lf4b lithofacies. 
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LITHOF

ACIES 

LITHOLO

GY 

DESCRIPTION THI

CKN

ESS 

PROCESS 

INTERPRETATION 

PHOT

O 

Lf1: 

Structurel

ess 

mudstone 

Carbonate 

mudstone 

No gradation or 

structuration. 

No 

clear 

beddi

ng 

Hemipelagic suspension 

fallout. 

Figure 

5.2A 

Lf2a: 

Lenticula

r thin-

bedded 

siltstones 

and 

sandstone

s  

Siltstone to 

fine-

grained 

sandstones 

Sandstones with 

flat bases and 

convex tops. 

Lenses can be 5-20 

cm long.  

1-10 

cm 

Deposition from a 

partially bypassing flow 

and reworking by distal, 

sluggish and small 

volume low-density 

turbidity current (Allen, 

1971b, 1982b; Jobe et al., 

2012).  

Figure 

5.2A 

Lf2b: 

Structure

d thin-

bedded 

sandstone

s 

Very fine to 

medium-

grained 

sandstone 

Normally graded, 

moderately-sorted 

thin-beds. Fine- to 

medium-grained 

bases and (very) 

fine-grained tops. 

Planar laminated 

from base to top. 

1-10 

cm 

Deposition and tractional 

reworking by steady low-

density turbidity current 

(Allen, 1971b). 

Figure 

5.2B 

Lf3a: 

Lenticula

r 

medium-

bedded 

sandstone

s 

Very fine- 

to coarse-

grained 

sandstones 

Sandstones with 

flat bases and 

convex tops. 

Lenses can be 5-20 

m long with 10-40 

cm amplitudes. 

They are 

structureless at the 

base, overlain by 

planar or 

sinusoidal 

bedforms. 

Overlying deposits 

can onlap onto 

these sandstone 

bodies. 

0-40 

cm 

Deposition from unsteady 

and unidirectional low- to 

medium-density turbidity 

currents (Allen, 1973; 

Kneller, 1995). Convex 

tops are associated with 

tractional reworking from 

bypassing and steady 

turbidity currents. 

Figure 

5.2C 

Lf3b: 

Planar 

laminated 

argillaceo

Coarse to 

fine-

grained 

argillaceou

Argillaceous 

sandstones with 

well-developed 

planar laminations 

10-60 

cm 

Deposits beneath mud-

rich transitional plug flow 

are formed by steady, 

unidirectional and 

Figure 

5.2D 
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us 

medium-

bedded 

sandstone  

s 

sandstones 

and wavy tops. The 

bed bases can be 

structureless. 

 

tractional reworking 

within the upper stage 

flow regime (Baas et al., 

2009, 2011, Baas et al., 

2016; Stevenson et al., 

2020). 

Lf3c: 

Climbing

-ripple 

and 

sinusoida

l 

laminated 

medium-

bedded 

argillaceo

us 

sandstone 

Coarse to 

fine-

grained 

argillaceou

s 

sandstones 

Bipartite 

sandstones 

comprise a sandy 

basal division 

passing gradually 

into argillaceous 

division. 

Alternating 

structureless and 

supercritical 

climbing ripple 

lamination. 

Sinusoidal 

laminations are 

common near bed 

tops. 

10-50 

cm. 

Deposition from long-

lived surging flows under 

high-aggradation rates 

and tractional reworking 

(Jobe et al., 2012). The 

flows ultimately collapse, 

increasing the fallout rate 

and developing sinusoidal 

lamination (Tinterri, 

2011; Jobe et al., 2012). 

Figure 

5.2E 

Lf4a: 

Erosional 

mudstone 

clast-rich 

thick-

bedded 

sandstone

s. 

Coarse to 

fine-

grained 

argillaceou

s 

sandstones 

Highly 

amalgamated, 

crudely normally 

graded and 

structureless thick-

bedded sandstones. 

Bed tops are silty, 

locally developing 

planar laminations 

towards bed tops. 

Bed bases are 

unconformable 

with abundant 

grooves and 

bioturbation. 

Mudstone-clast-

rich horizons and 

grain-size breaks 

are common.  

0.5-

1.2 m 

Deposition under high-

density partially 

bypassing turbidity 

currents (sensu Lowe, 

1982), formed by 

incremental layer-by-

layer deposition with high 

aggradation rates 

(Sumner et al., 2008; 

Talling et al., 2012). 

Scouring and entrainment 

of the fine-grained 

substrate are common.  

 

Figure 

5.2F 

Lf4b: 

Structurel

Coarse to 

fine-

Often 

amalgamated and 

0.5-

1.2 m 

Deposition from high-

density turbidity currents 

Figure 

5.2G 
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ess thick-

bedded 

argillaceo

us 

sandstone

s 

grained 

argillaceou

s 

sandstones 

structureless thick-

bedded sandstones 

that become 

gradually 

argillaceous 

towards bed tops. 

Bed bases are 

mostly 

conformable; 

however, not 

always. Decimetre-

scale burrows from 

top to basal 

contacts, not 

limited to bed 

bases.  

(sensu Lowe, 1982), 

formed by incremental 

layer-by-layer deposition 

with high aggradation 

rates (Kneller and 

Branney, 1995; Sumner et 

al., 2008; Talling et al., 

2012). The upper 

argillaceous division 

reflects the fine-grained 

tail of the flow, which 

collapsed due to radial 

spreading and abrupt loss 

in flow capacity. 

and 

Figure 

5.2H 

Table 5.1. Description, process interpretation and photographs of the Lf1 – Lf4b lithofacies. 

 

Figure 5.3. Outcrop photographs of Lf5 and Lf6 lithofacies. 
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LITH

OFAC

IES 

LITHO

LOGY 

DESCRIPTION TH

IC

KN

ES

S 

PROCESS 

INTERPRETATION 

PHOT

O 

Lf5: 

Sand-

filled 

scour 

Argillac

eous 

sandston

e 

bearing 

abundan

t 

mudston

e clasts 

along 

laminae 

Medium- to thick-bedded 

sandstones with sharp 

unconformable concave-

up (< 1 m) bases and flat 

tops. This lithofacies is 

structureless, planar 

laminated or dune-scale 

cross-bedded, bearing 

abundant mudstone clasts 

along laminae. Abundant 

burrows. 

 

0.3-

1 m 

Deposition from high-

density turbidity currents 

(sensu Lowe, 1982), 

formed by incremental 

layer-by-layer deposition 

with high aggradation 

rates (Kneller and 

Branney, 1995; Sumner et 

al., 2008; Talling et al., 

2012). Planar and dune-

scale cross-bedding 

bearing abundant 

mudstone clast along the 

laminae represent 

deposition from 

energetic, steady, and 

partially bypassing flows 

(Arnott, 2012; Talling et 

al., 2012; Stevenson et al., 

2015). 

Figure 

5.3A 

and 

Figure 

5.3B 

Lf6: 

Mediu

m-

bedded 

granula

r 

sandsto

nes  

Medium 

to 

granular 

sandston

e with 

mudston

e clasts.  

In plan view, medium-

bedded granular 

sandstone with well-

developed NW migrating 

dune-like bedforms with a 

crescentic shape. The 

cross-bedding is coarser-

grained (granular to 

pebbly) than the 

surrounding sandstone 

(medium to very coarse). 

Rounded carbonate 

mudstone clasts are 

common. 

20-

50 

cm 

The abundant mudstone 

clasts suggest a partially 

bypassing flow 

(Stevenson et al., 2015) 

that reworked the 

previously deposited 

coarse fraction, forming 

dunes. Dune-like 

bedforms are attributed to 

high-magnitude steady 

parental flow (Arnott, 

2012; Talling et al., 

2012).  

 

Figure 

5.3C, 

Figure 

5.3D, 

Figure 

5.3E 

and 

Figure 

5.3F. 

Table 5.2. Description, process interpretation and photographs of the Lf5 and Lf6 lithofacies. 
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Figure 5.4. Outcrop photographs of Lf7a-Lf7d lithofacies. 

 

LIT

HOF

ACI

ES 

LIT

HOL

OGY 

DESCRIPTION THI

CKN

ESS 

PROCESS 

INTERPRETATION 

PHOT

O 

LF7a: 

Rotat

ed 

heter

olithi

cs 

Thin- 

to 

medi

um-

bedde

d 

heter

olithi

cs. 

Rotated heterolithic (Lf1, 

Lf2a, LF2b) packages are 

characterised by decimetre-

scale low-amplitude 

sinusoidal folding lacking 

internal disaggregation. 

Folding and normal faulting 

verge SW (perpendicular to 

paleoflow and parallel to the 

SW dipping active margin). 

0.5-5 

m 

Local sliding of nearby 

stratigraphy (not 

disaggregated). 

Intraformational and non-

erosional. The thickness 

changes of the top 

sandstone can be related 

to pre-depositional 

rugosity of the slide (e.g. 

Armitage et al., 2009) or 

Figure 

5.4A 

and 

Figure 

5.4B 
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The base of the deposit is 

often marked by a concave-

up glide plane. At the top of 

this package, < 0.3 m thick 

sandstone beds showing 

localised thickness changes 

are common; thickening in 

the hangingwall towards the 

fault when the LF7a is 

thinnest and thinning or 

pinching out when Lf7a is 

thickest.  

can be related to syn-

depositional 

creeping/sliding (e.g. 

Ayckbourne et al., in 

press) 

 

LF7b: 

Folde

d 

heter

olithi

cs  

Thin- 

to 

thick-

bedde

d 

heter

olithi

cs. 

Deformed heterolithic (Lf1, 

Lf2a, LF2b, LF4a, Lf4b, 

Lf5, Lf6, LF7c) package 

characterised by meter-scale 

amplitude open to 

recumbent folding. Normal 

faults and folds show SW 

vergence.  

5-8 m Local slumping of nearby 

stratigraphy (limited 

disaggregation). 

Intraformational and non-

erosional. Equivalent to 

Type Ia MTCs of 

Pickering and Corregidor 

(2005). 

Figure 

5.4C 

LF7c: 

Matri

x-

suppo

rted 

congl

omer

ate 

Mud-
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Cohesive debris-flow 
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al., 2012). The carbonate 
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into the debris flows. 
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MTCs of Pickering and 

Corregidor (2005). 
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and 
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Bioturbation suggests that 

these deposits were 

overridden by nutrient- 

and oxygen-bearing flows 

Figure 

5.4F 
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and proximity to 

channels. 

Table 5.2. Description, process interpretation and photographs of the Lf7a – Lf7d lithofacies. 

 

Interpretation: The development of FA1 is the combined result of deposition from background 

sedimentation and low-density fine-grained turbidity currents. Here, background sedimentation 

refers to hemipelagic settling, and thin dilute sediment gravity flow deposits not visible to the 

naked eye in outcrop (see Boulesteix et al., 2020). These accumulations of thin beds are 

interpreted as the product of the flow-stripping and overspilling from the dilute upper parts of 

the channelized turbidity currents into the overbank areas (Piper and Normark, 1983; Peakall 

et al., 2000; Keevil et al., 2006; Kane et al., 2007; Kane and Hodgson, 2011; Hansen et al., 

2017a). When these flows exit the confining channel belt, they are characterised by capacity-

driven deposition as they become unconfined and decelerate (Hiscott, 1994a; Hübscher et al., 

1997; Posamentier and Kolla, 2003; Kane et al., 2007, 2010b). The rotated stratigraphy is a 

common feature of overbank environments adjacent to channels (e.g. Kane et al., 2007; Kane 

et al., 2011; Dykstra et al., 2007; Hubbard et al., 2009; Hansen et al., 2015) representing 

localised submarine landslide deposits, product of the drapping and accretion on steep 

bounding slopes (Abreu et al., 2003; De Ruig and Hubbard, 2006; Hubbard et al., 2009) where 

the channel belt is confined.  
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Figure 5.5. Representative sedimentary log, sandstone proportion and photograph of the stratal 

packages representing facies associations (A) FA1: Overbank deposits, (B) FA2: Terrace 

deposits, (C) FA3: Channel-fill deposits, (D) FA4: Crevasse scour-fill deposits and (E) FA5: 

Crevasse lobes deposit. 

 

5.5.2. FA2: Terrace deposits 

Description: This facies association is a medium-bedded heterolithic < 5 m thick succession 

(Figure 5.5B), with a basal matrix-supported conglomerate (LF7c; Figure 5.4D and Figure 

5.4E) and overlying alternating between carbonate mudstone (Lf1; Figure 5.2A), thin- to 

medium-bedded sandstones comprising a wide grain size range (fine-grained to pebbly) (Figure 

5.5B). Laminated mudstones constitute 70% of FA2, while siltstones, sandstones and 

conglomerates constitute 30% (Figure 5.5B). Deformed heterolithic packages (Lf1, Lf2a and 
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Lf2b, and medium-bedded sandstones) rotated above concave-up planes are also observed 

(LF7a; Figure 5.4A and Figure 5.4B). Some medium thickness beds show a convex-shaped 

wavy top, developing positive relief up to 10 cm and pinching out laterally (LF3a; Figure 5.2C). 

This facies association also comprises medium-bedded tabular sandstones with sharp flat bases 

and sharp wavy tops (Lf3b; Figure 5.2D). Commonly, Lf3b is structureless at the base with 

well-developed planar laminations towards the top. In addition to the lithofacies described 

above, FA2 is differentiated from FA1 by the presence of dune-like, normally graded granular 

to pebbly sandstones (Lf6; Figure 5.3C, Figure 5.3D and Figure 5.3E) with intensely 

bioturbated top surfaces (Figure 5.3F). Lf6 overlie the matrix-supported conglomerate and 

become less frequent towards the top of the FA2 stratal package. The well-developed foresets 

contain abundant mudstone clasts and dip consistently towards the NW (Figure 5.3C). In plan-

view, LF6 develops crescentic shapes (Figure 5.3D).  

 

Interpretation: The variability in deposit thickness and grain size range suggest an environment 

of deposition dominated by mixed energy flows. The alternation of coarse-grained dune-like 

deposits and thin-bedded siltstones and sandstones reflect deposition from steady (Kneller and 

Branney, 1995) and bypassing high magnitude energetic flows, which reworked a previously 

deposited coarser fraction (Amy et al., 2000; Stevenson et al., 2015; Hansen et al., 2021). The 

thin beds are interpreted as the product of overspilling and flow stripping of lower magnitude 

flows (Peakall et al., 2000; Dennielou et al., 2006; Hansen et al., 2015). Furthermore, the lack 

of erosional features within these packages suggests that FA2 correspond to individual terrace 

deposits formed adjacent to the channel axis but within the channel belt (Babonneau et al., 

2002, 2004, 2010; Hansen et al., 2015, 2017a, 2017b; Allen et al., 2022). The term terrace 

refers to a flat surface in an elevated position with respect to the active channel and inside the 

channel belt (Babonneau et al., 2004). The basal matrix-supported conglomerates (LF7c; 
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Figure 5.5B) are considered local deposits of cohesive debris flow (Talling et al., 2012), which 

might create a relative topographic high and promote the onset of the terrace. The preferential 

development of coarse-grained dune-like deposits immediately above the debrite suggests that 

the terrace where progressively elevated due to the progressive incision of the channel into the 

debrite. Furthermore, the deformed heterolithics (LF7a) are attributed to gravitational failures 

of the channel walls (Hansen et al., 2015, 2017b; Allen et al., 2022).  

 

5.5.3. FA3: Channel-fill deposits 

Description: This facies association comprises a 5-15 m thick package (Figure 5.5C) dominated 

by highly amalgamated thick-bedded sandstones overlying a muddy matrix-supported 

conglomerate (LF7c; Figure 5.4D and Figure 5.4E). Mudstones constitute 22.5% of FA3, while 

sandstones constitute 77.5% (Figure 5.5C). The thick sandstone beds are crudely normally 

graded and often structureless, locally developing planar and ripple laminations (Lf4a; Figure 

5.2F). In the lower half of FA3, when they are not amalgamated, the thick beds of LF4a show 

silty tops and are bounded by heterolithic packages (< 0.3 m) of Lf1 and Lf2b (Figure 5.5C). 

In the upper half, they develop unconformable bases incising up to 0.5 m into the underlying 

stratigraphy, with abundant scours, mudstone clasts and grain-size breaks (Figure 5.5C). 

 

Interpretation: The basal matrix-supported conglomerates represent deposition from cohesive 

debris flows. The amalgamation and normal crude grading within thick beds indicate 

deposition from high-density turbidity currents (sensu Lowe, 1982) under high aggradation 

rates (Kneller and Branney, 1995; Sumner et al., 2008). Furthermore, the silty tops of the thick 

beds in the lower half of FA3 suggest an abrupt loss in capacity and competence and deposition 

under high deceleration rates. In contrast, the scouring, abundance of mudstone clasts, and 

grain-size breaks reported in the upper half suggest sediment bypass and erosional flows 
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(Stevenson et al., 2015). These stratal packages are therefore interpreted deposits from 

channelized flows. However, the lack of major erosional surfaces (at outcrop scale) and minor 

bypass indicators suggest that FA3 is more closely related to channel backfilling than being 

representative of early channel formation, i.e. erosion and almost complete bypass (Hodgson 

et al., 2016), while the basal surface of the matrix-supported conglomerates (here interpreted 

as debrites) would indicate the base of the channel.  

 

5.5.4. FA4: Crevasse scour-fill deposits 

Description: This facies association comprises a < 5 m thick succession (Figure 5.5D) of highly 

amalgamated sandstone beds, interbedded with sheared mudstone intervals (LF7d;). 

Mudstones constitute 40% of FA4, while sandstones constitute 60% (Figure 5.5D). Medium- 

to thick-bedded sandstones (Lf5) with poor lateral continuity (< 100 m long) and low aspect 

ratios (5:1 to 10:1, width: thickness) characterise this facies association (Figure 5.3A and 

Figure 5.3B). Scours bound the base of LF5 and Lf7d (< 2 m thick), developing truncations 

with respect to the underlying beds (Figure 5.5D). Lf5 sandstone beds are planar or cross-

bedded, medium- to coarse-grained with grain-size breaks, comprising abundant mudstone 

clasts orientated parallel to the laminae and centimetre-scale grooves at bed bases (Figure 5.3A 

and Figure 5.3B). Abundant centimetre- to decimetre-scale burrows are observed, 

preferentially at the base of the thick-bedded sandstone (Figure 5.3A) or elongated (5-50 cm 

long) from top to base at sheared mudstone intervals (LF7d; Figure 5.4). 

 

Interpretation: Lf5 sandstone and Lf7d mudstone beds represent small-scale scour-fills (Arnott 

and Al-Mufti, 2017), while the truncation and low aspect ratio beds observed at their base 

support scouring of the substrate by previously bypassing flows (Pemberton et al., 2016; 

Terlaky and Arnott, 2016; Hofstra et al., 2018; Pohl et al., 2020). The deposition of crudely-
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graded sandstone to ungraded (Lf5) over the scours is interpreted as deposited from high-

density turbidity currents (Lowe, 1982). The development of grain-size breaks, cross-bedding 

and mudstone clast horizons in Lf5 indicates partial bypass by sustained flows (Kneller and 

McCaffrey, 2003; Stevenson et al., 2015). The sheared mudstones (LF7d) indicate localised, 

small-scale failure of nearby fine-grained stratigraphy. The intense burrowing suggests the 

recurrent input of oxygen and nutrients, suggesting proximity to channels. 

 

5.5.5. FA5: Crevasse lobe deposits 

Description: This facies association is a medium- to thick-bedded tabular sandstone package 

(1.5 – 5 m thick; Figure 5.5E) that overlies the crevasse scour-fill facies association (FA4). The 

dominant lithofacies are thick-bedded, structureless, crudely normally graded sandstones 

(Lf4b; Figure 5.2G). Lf4b is characterised by decimetre-scale abundant burrows and silty tops 

(Figure 5.2G and Figure 5.2H; e.g. Morris et al., 2014a). When not amalgamated, thick beds 

are bounded by mudstone intervals (Lf1) or thin- to medium-bedded planar laminated 

sandstones (Lf2b and Lf3b; Figure 5.2B and Figure 5.2D) or stoss-side preserved climbing 

ripples (Lf3c; Figure 5.2E).  

 

Interpretation: The Lf4b lithofacies within this association suggest rapidly deposited medium- 

to high-density turbidity currents (sensu Lowe, 1982). Silty tops can be related to an abrupt 

loss in flow capacity (Hiscott, 1994a) due to the rapid loss of flow confinement as it exits the 

crevasse channel/scour. Planar laminations and stoss-side preserved climbing ripples reveal 

continued bedload traction with high aggradation rates (Sorby, 1859, 1908; Allen, 1973; Jobe, 

2012). The intense bioturbation suggests proximity to channels, suggesting that these stratal 

packages are frontal or crevasse lobes (e.g. Morris et al., 2014a, b). The mapping of Bayliss 

and Pickering (2015) shows that these lobes are developed at the flanks of the channel rather 
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than its mouth. Furthermore, they overlie the Banastón II channel fills and terrace deposits, 

suggesting that they represent crevasse lobes rather than frontal (e.g. Beaubouef, 2004; De Ruig 

and Hubbard, 2006; Hubbard et al., 2009; Morris et al., 2014b).  

 

5.6. Depositional architecture 

The five facies associations (FA1-FA5) described above stack to form two major architectural 

elements: i) channel belts and ii) overbank deposits (Figure 5.6 and Figure 5.7). 

 

5.6.1. Channel belt 

Terrace deposits constitute 12.8% of the 111 m studied stratigraphic succession, while channel-

fill deposits constitute 34.8% (Figure 5.6). Both terraces (FA2) and channel-fill deposits (FA3) 

suggest deposition within a partly confined/channelized environment, referred to as a channel 

belt. The basal debrites (Figure 5.5B and Figure 5.5C) suggest an association with submarine 

landslide emplacement. The abundance of debrites (17.5% of the studied section; Figure 5.6) 

and the mapping from Bayliss and Pickering (2015) suggest that channel belts occupy a 

topographic low within the foreland basin. Channel-fill deposits (FA3) are thicker-bedded, 

more amalgamated, and up to 3 times thicker than the terrace deposits (FA2) (15m vs 5 m), 

suggesting that the terrace surfaces formed elevated and adjacent areas to the channel 

(Babonneau et al., 2002, 2004, 2010; Hansen et al., 2015, 2017a, 2017b). The nature of the 

channel-fill and terrace deposits will vary according to the magnitude of flows along the 

channel thalweg (Babonneau et al., 2004; Dennielou et al., 2006). Low-magnitude flows are 

likely to be fully confined within the channels, and only the upper and more dilute parts of the 

flow will deposit onto the terraces, producing fine-grained thin beds (Hansen et al., 2015). In 

contrast, the basal part of high-magnitude flows will override both channel and terraces, the 
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flow only partially confined within the channel belt (Babonneau et al., 2004; Hansen et al., 

2015, 2017a). High-magnitude flows are likely to result in bypass/erosion within the main 

channel, partial bypass and tractional reworking on the terrace, and deposition on the overbank 

areas if they overspill (Peakall et al., 2000; Kane et al., 2007; Hubbard et al., 2008; Kane and 

Hodgson, 2011; Hansen et al., 2017a). Variations in flow magnitude through time will produce 

highly variable bed thicknesses and grain sizes on the terrace, which are unlikely to be recorded 

in the channel axis. However, channel-fill deposits (FA3) lack major erosional surfaces (only 

minor scouring), indicating a more depositional phase than channel initiation, incision and 

bypass. Therefore, the channel-fill deposits recognized in the studied section are likely related 

to channel abandonment or backfilling (Morris and Normark, 2000; Hodgson et al., 2016).  

 

5.6.2. Overbank 

Overbank areas consist of three facies associations: the overbank (FA1), crevasse scour-fill 

(FA4) and crevasse lobe (FA5) deposits (Figure 5.6, Figure 5.7 and Figure 5.8), which are 

interpreted to represent depositional environments outside the channel belts. Overbank deposits 

are the most abundant facies association (38.2% in the studied interval) and include slumps and 

slides (16.1% and 12.2% of the studied interval; Figure 5.6). Crevasse scour-fills and crevasse 

lobes represent 3.6% and 10.6%, respectively (Figure 5.6). Together, they formed a 14-metre 

thick crevasse complex, interrupting the otherwise monotonous thin-bedded mudstone-

dominated overbank deposition (). The crevasse complex comprises i) a 4 m thick basal 

crevasse scour-fill deposits characterised by poor lateral continuity (FA4) overlain by ii) a 10 

m thick upwards-thinning laterally-continuous package, composed of 1.5 to 5 m thick and at 

least 1 km long aggradationally stacked crevasse lobes (Figure 5.8, Figure 5.9 and Figure 5.10). 

Bed thickness and amalgamation of sandstone beds decrease upward and laterally in the 

crevasse complex (Figure 5.1C, Figure 5.8 and Figure 5.10). Crevasse lobes are bounded by 



Chapter 5: The impact of slope instabilities on submarine channels and development of crevasse lobes in 

tectonically active settings: an exhumed example from the Eocene Aínsa Basin (Spain) 

194 

 

centimetre-scale mudstone intervals (Lf1) and decimetre-scale sheared mudstones (LF7c). The 

sheared mudstone intervals represent 4.8% of the stratigraphic thickness and are only found 

within the crevasse complex (Figure 5.6). The lowermost and thickest (up to 5 m) crevasse lobe 

onlaps onto the underlying slump towards the NE (across strike), developing abrupt thinning 

rates (25 m/km) over tens of metres (Figure 5.7 and Figure 5.8). However, the slumps are 

truncated by an SW-dipping surface, interpreted to represent the slide scar of a younger mass 

failure (Figure 5.7 and Figure 5.8). Thinning rates within the crevasse lobe complex are lower 

towards NW (downdip), where the medium- to thick-bedded sandstones gradually thin 

(1m/km) into thin-bedded sandstones in 1 km (Figure 5.8). Due to the tabularity of crevasse 

lobe thin beds, no pinch-out terminations were documented along the downdip transect (Figure 

5.8). Unlike the lowermost crevasse lobes, the uppermost thin-bedded crevasse lobes do not 

comprise any associated thick-bedded sandstones laterally, showing a tabular architecture 

(Figure 5.6 and Figure 5.8). The term overbank area is used here instead of the external levee 

(Kane and Hodgson, 2011) because depositional architecture is modified in narrow foreland 

channel systems where the distributary system is encased between two opposing slopes, as 

documented in the Puchkirchen system in the Austrian Molasse Basin (overbank wedges of De 

Ruig and Hubbard, 2006; Hubbard et al., 2009; Kremer et al., 2018). Tectonically-active 

margins can also promote overbank asymmetry (Kane et al., 2010b; Hansen et al., 2017a; 

Kneller et al., 2020), and it is expected that such a tectonic control resulted in an asymmetry 

between the northeastern and southwestern overbank deposits of the Banastón II sub-unit. 

Given that the southwestern overbank area of the Banastón II sub-unit does not crop out in the 

San Vicente area, this asymmetry cannot be proven.   
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Figure 5.6. A) Logs and (B) Histograms showing the lithology, mean sandstone proportion, 

submarine landslide content and facies associations of the 111 m thick study interval. The 

section is mudstone-dominated, especially on the upper half where the overbank facies 

association overlies channel-fill and terrace deposits. Note the variation of submarine landslide 

deposits along the section. 
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Figure 5.7. (A) General stratigraphic column of the investigated interval (111 m thick) of the 

Banastón II member and the different facies associations. Note that it is made of different 

sedimentary logs. (B) Interpreted UAV photographs with the different facies associations and 

sedimentary logs. Note the San Vicente town in the right top corner. 
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Figure 5.8. Correlation panel of the Banastón II member near the San Vicente town. See Figure 

5.1C and Figure 5.7B for the location of the sedimentary logs. Note the rose diagrams of the 

palaeocurrents on crevasse lobes, overbank and channel belts (Channel-fill and terrace 

deposits). 
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5.7. Discussion 

5.7.1. Channel wall collapse and crevasse complex development 

Fine-grained sedimentation on the overbank areas was interrupted by the deposition of 

anomalously thick sandstone beds related to the development of the crevasse complex. 

Crevasse complexes result from breaching of the channel belt wall (Sawyer et al., 2007, 2014), 

allowing (parts of) high-density turbidity currents to escape channel-belt confinement 

(Posamentier and Kolla, 2003; De Ruig and Hubbard, 2006; Hubbard et al., 2009; Armitage et 

al., 2012; Brunt et al., 2013; Maier et al., 2013; Morris et al., 2014a). The breach can happen 

due to several mechanisms, including 1) overspilling due to excessive curvature in a submarine 

meander bend (e.g. Tek et al., 2021a), 2) lateral meander growth (swing) and/or downstream 

meander migration (sweep) (e.g. Peakall et al., 2000; Abreu et al., 2003; Deptuck et al., 2003), 

3) collapse of the channel wall (e.g. Sawyer et al., 2014; Ortiz-Karpf et al., 2015). Given the 

low sinuosity of the Banastón channel, the onlap against a slide scar, and the juxtaposition of 

the crevasse complex over a slump, the channel wall collapse is considered the most plausible 

mechanism for the initiation of crevasse splays. The resulting breach is likely to be narrowest 

at the base and widen upwards due to the concave-up nature of both crevasse channels/scours 

and slide scars. This morphology is likely to promote localized flow constriction (Kneller, 

1995), resulting in accumulative (Kneller and Branney, 1995; Kneller and McCaffrey, 1999; 

Soutter et al., 2021), waxing (Kneller, 1995; Mulder and Alexander, 2001) and partially 

bypassing turbidity currents (Talling et al., 2012; Stevenson et al., 2015). Localized 

acceleration of turbidity currents can produce incision, promoting further channelization (Gee 

et al., 2001; Eggenhuisen et al., 2011; De Leeuw et al., 2016). Another erosion mechanism can 

be explained by flow relaxation (sensu Pohl et al., 2020) due to the lateral spreading of the flow 

after the passage through the breach, which lowers the position of the downstream velocity 

maximum and increases shear stress near the substrate.  
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Figure 5.9. Interpreted UAV photographs of the multiple submarine landslides found within 

the overbank (FA1) and the crevasse scour-fills (FA4) and crevasse lobes deposits (FA5). 

 

The crevasse scour-fill facies association is interpreted as the most proximal environment of 

the crevasse complex. The mixed erosional and depositional nature and intermediate position 

between the channel and the crevasse lobes can be analogous to other channel-lobe transition 

zones recognised in outcrops (Van der Merwe et al., 2014; Hofstra et al., 2015; Pemberton et 

al., 2016; Brooks et al., 2022; Hodgson et al., 2022). Substrate excavation can promote local 

mass failures from slide scar walls, as demonstrated by the interfingering of sand-fill scours 

(Lf5) and sheared mudstone intervals (LF7c). This phenomenon has been reported in 

kilometre-scale submarine landslides, where sidewall fragmentation promotes secondary mass 

failures and reshapes the original slide scar (Richardson et al., 2011). This effect could reduce 

the aspect ratio (height/width) of the breach and, therefore, less flows constriction and 

progressive filling. This relationship is supported by the juxtaposition of crevasse lobes over 

crevasse scour-fills, representing a change from bypass to backfilling. Furthermore, the upward 

thinning and fining with increasing tabularity of sandstone beds within the crevasse lobes 

suggests progressive healing of the breach and/or the adjacent channel's abandonment. 
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Figure 5.10. (A) Interpreted UAV photograph showing a basal slide overlain by the crevasse 

complex. (B) Location of the sedimentary logs of the crevasse complex. (C) Correlation panel 

of a crevasse complex showing the juxtaposition of crevasse lobes over the basal crevasse 

scour-fill deposits. D) Model illustrating the crevasse lobe juxtaposed over a slump and 

laterally onlapping the slide scar. 
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Here it is proposed that the nature of the crevasse complex is controlled by the shape, 

development and healing of the breach, its stratigraphic evolution reflecting a re-establishment 

of the overbank areas after its breaching (Hubbard et al., 2009). Crevasse-lobe development 

has also been observed in the Puchkirchen Formation in the Austrian Molasse Basin (De Ruig 

and Hubbard, 2006; Hubbard et al., 2009). However, the crevasse lobes in the Austrian Molasse 

Basin are not identified on the active margin of the channel system. The abundance of slides 

and slumps in the studied section (16.1% and 12.2% cumulative thickness, respectively) 

suggest that they played a key role in creating the conditions to develop crevasse lobes near the 

active margin. The thickest part of slides (among other submarine landslides) is likely to be 

found at their lower, compressional domain. In contrast, the upper, extensional domain of 

submarine landslides is thinner and receives the deflected flows (Figure 5.10 and Figure 5.11A; 

Kremer et al., 2018; Ayckbourne et al., in press). Breaching by the collapse of the channel wall 

would leave behind some up-dip scours and concave topography susceptible to being exploited 

as a conduit for subsequent flows (Damuth et al., 1988; Posamentier and Kolla, 2003; Fildani 

and Normark, 2004; Armitage et al., 2012; Brunt et al., 2013; Maier et al., 2013; Morris et al., 

2014a; Ayckbourne et al., in press). Slide and slump emplacement would also reduce the 

steepness of the active margin and, therefore, the 'valley-confinement'. Furthermore, flows can 

escape the channel belt, spreading and depositing sand on the otherwise mudstone-dominated 

overbank (Figure 5.11). This study highlights those small-scale submarine landslides (in this 

case < 10 m thick) and secondary mass failures can effectively induce crevasse lobe 

development on active margins and therefore provide a means of trapping sediment on the 

slope. 
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5.7.2. The impact of submarine landslides on channelised flows and terraces 

Submarine landslides can be emplaced longitudinally (Bernhardt et al., 2012; Masalimova et 

al., 2015) and transversely (De Ruig and Hubbard, 2006; Hubbard et al., 2009; Kremer et al., 

2018) in foreland basins. Despite the outcrop limitations and lack of kinematic indicators 

within the debrites (Bull et al., 2009), the position of submarine landslides within the 

palaeogeographic distribution in the Banastón sub-unit suggests that they were transversely 

emplaced (Bayliss and Pickering, 2015). Submarine landslides can disturb the slope 

equilibrium gradient (Corella et al., 2016; Kremer et al., 2018; Liang et al., 2020; Tek et al., 

2020) and induce partial or full blockage (Posamentier and Kolla, 2003; Bernhardt et al., 2012; 

Corella et al., 2016; Kremer et al., 2018; Tek et al., 2020; Tek et al., 2021a). In highly sinuous 

and laterally migrating channel belts, the development of terrace surfaces is commonly related 

to meander-bend cut-off (Cronin, 1995; Mayall and Stewart, 2000; Deptuck et al., 2003; 

Babonneau et al., 2004; Janocko et al., 2013; Hansen et al., 2017b) or point bar accretion 

(Abreu et al., 2003; Deptuck et al., 2007; Dykstra and Kneller, 2009; Janocko et al., 2013). In 

contrast, narrow and confined foreland channels show less meandering (De Ruig and Hubbard, 

2006; Hubbard et al., 2009; Masalimova et al., 2015; Kremer et al., 2018). 

 

Sediment gravity flows travelling over debrites can show complex patterns due to the upper 

surface rugosity, which promotes channelization (Armitage et al., 2009; Fairweather, 2014; 

Kneller et al., 2016; Valdez et al., 2019; Tek et al., 2020; Martínez-Doñate et al., 2021; Allen 

et al., 2022). Flow channelization can promote positive feedback, with enhanced erosion in the 

channel further increasing confinement and channelization (Eggenhuisen et al., 2011; De 

Leeuw et al., 2016). Prolonged excavation will lead to the development of a conduit bounded 

laterally by elevated terraces (Hansen et al., 2017b; Tek et al., 2021a), as suggested by the 

finning upwards trend recorded in FA2 (Figure 5.5B). Recent studies based on high-resolution 
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bathymetry and shallow subsurface datasets (Tek et al., 2021a) and field-based studies (Allen 

et al., 2022) suggest that the clearance of the channel dammed by submarine landslides is more 

complex than previously thought due to the development of upstream-migrating knickpoints 

downstream of the submarine landslide. The high degree of bed amalgamation and lack of 

meter-scale erosional surfaces in the investigated channel-fill deposits indicate high 

aggradation rates rather than bypassing sediment gravity flows. I interpret this stratal 

architecture as indicative of channel backfilling (Pickering et al., 2001) due to channel 

damming induced by the debrite emplacement or tectonically-controlled upstream avulsion due 

to thrust propagation, as observed in older channel systems within the Aínsa Basin (Arro 

system; Tek et al., 2020). Therefore, it is suggested that the emplacement of submarine 

landslides within the channel belt impacts channelized flows and is the dominant mechanism 

for promoting terrace development in the Banastón II sub-unit.  

 

Figure 5.11. (A) Evolutionary model illustrating the crevasse lobe deposition on the active 

margin due to submarine landslide emplacement, deflecting channelised flows towards the 

slide scar and (B) how the continuous transversely-sourced submarine landsliding is a potential 

mechanism of avulsion of the Banastón II member. 
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5.7.3. Avulsion mechanism(s) in the Banastón II channel system 

Long-lived breaching is associated with lateral meander growth (swing) and/or downstream 

meander migration (sweep) (e.g. Peakall et al., 2000; Abreu et al., 2003; Deptuck et al., 2003) 

and is common on the external levees of outer bends in sinuous channels (Damuth et al., 1988; 

Posamentier and Kolla, 2003; Fildani and Normark, 2004; Armitage et al., 2012; Brunt et al., 

2013; Maier et al., 2013; Morris et al., 2014a). Such breaching is an effective mechanism for 

the avulsion of the channel system in unconfined settings, where deposition of crevasse lobes 

precedes avulsion (Damuth et al., 1988; Armitage et al., 2012; Brunt et al., 2013). However, 

crevasse lobe development in foreland basin settings is unlikely to represent the avulsion and 

re-routing of the entire channel belt (Flood et al., 1991) due to basin-scale structural 

confinement and low channel sinuosity (Hubbard et al., 2009). The lack of avulsion and related 

cannibalization of the channel-belt fill might explain why crevasse scour fills and lobes are 

preserved in the Banastón II system. It also seems unlikely that the emplacement of a few 

submarine landslides would result in the avulsion of the entire Banastón II deep-water channel 

system, given their small magnitude (< 10 m thick) compared to the scale of the channel system 

(98 m thick and 1800 m wide) and structural confinement (~5-8 km wide syncline). Recent 

work on stable isotopes within the Aínsa Basin indicates that the Banastón II sub-unit was 

strongly controlled by tectonism (Läuchli et al., 2021). As documented in this study, active 

tectonism in the foreland basin and related uplift and steepening of the active margin likely 

trigger abundant mass failure events. However, the progressive uplift and south-westward 

advancement of the active margin will promote the development of a belt of transverse 

submarine landslides running parallel to the strike of the active margin (Figure 5.11) that can 

enhance the SW-directed lateral migration of the channel belt (e.g. Posamentier and Kolla, 

2003; Deptuck et al., 2007; Kane et al., 2010a; McHargue et al., 2011) as also suggested by 

Bayliss and Pickering (2015). Even if subsequent channelized sediment gravity flows are not 
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fully ponded after submarine landslide emplacement, they are likely to undergo constriction 

(Kneller, 1995) and deflection away from the active margin, producing punctuated channel 

migration (sensu Maier et al., 2012) and breaching. Therefore, it is proposed that repeated 

emplacement of submarine landslides, related to the syn-depositional growth of local structures 

adjacent to channel belts, determined the channel architecture and played a key role in the 

lateral offset of the Banastón system, in agreement with Bayliss and Pickering ( 2015).  

 

5.8. Conclusions 

The stratigraphic evolution of the Banastón II sub-unit near the San Vicente area records the 

lateral offset of a submarine channel system to the southwest, which I relate to the syn-

depositional growth of local structures. The active tectonism promoted submarine landslides, 

which impacted the dynamics of the channel system. The interpretation is that the emplacement 

of debrites within channel belts resulted in channel damming and backfilling. Additionally, the 

modification of the slope gradient caused by the emplacement of debrites was the main 

mechanism for terrace formation. Furthermore, the emplacement of slides and slumps raised 

the channel base and left concave-up evacuation scars, forming a breach point that was 

exploited by subsequent flows to form a conduit and led to the development of crevasse lobes. 

Therefore, this study highlights that small-scale basin margin failures and their deposits can 

profoundly influence the dynamics of deep-water channels and their adjacent overbank areas 

on tectonically-confined submarine slopes. 
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6. Synthesis and conclusions 

6.1 How do submarine landslide deposits impact younger depositional systems? 

In Chapter 3 (Martínez-Doñate et al., 2021), the study of the 9.6 km long landslide deposit 

and underlying and overlying stratal units documented the juxtaposition of two scales of 

depositional topography along the upper surface (e.g. Armitage et al., 2009; Fairweather, 

2014) characterised by: i) kilometre-scale wavelength and metre-scale amplitude relief, 

and ii) metre-scale wavelength and decimetre-scale amplitude (rugosity) (Figure 6.1). The 

buttressing of the debris flow against the ramps that formed along the basal shear zone 

was responsible for the larger-scale topography (Bull et al., 2009), while the smaller-scale 

rugosity was attributed to the yield strength of debris flows and their megaclast content 

(McGilvery and Cook, 2003; Kneller et al., 2016). Both scales of depositional topography 

were documented to influence the dispersal patterns of subsequent sediment gravity flows 

overriding the upper surface. The long-scale topography inhibited the deposition of sand-

rich strata (foundered sandstones) in the central part of the submarine landslide, restricting 

deposition to areas of lower topography (Figure 6.1). The sedimentological study of the 

foundered sandstones concluded that such relief did not disconnect proximal and distal 

areas in 3D due to the development of tortuous corridors (Smith, 2004b) (Figure 6.1). On 

the other hand, the magnitude of the high-density turbidity currents was greater than the 

small-scale rugosity producing partial bypass and triggering the deposition of sand in their 

lows. The two scales of topography hindered the development of lobate-shaped 

architectures, producing sandstone bodies with concave-up bases and flat tops. 

 

Chapter 3 (Martínez-Doñate et al., 2021) also documents the post-depositional and 

dynamic nature of the upper surface together with the syn-sedimentary foundering of 

sand. The characterisation of three types of architecture and terminations styles within 
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the foundered sandstones shows that foundering, as well as being a product of the density 

contrast between the debrite and sand, was triggered by the high sedimentation rates and 

lateral changes in sediment load (e.g. Owen, 2003), controlled by debrite rugosity. In 

contrast, the foundering phenomenon was not observed in the Chachil Graben (Chapter 

4) despite the abundance of debrites. This is linked to the even load exerted by lobe 

deposits across their flat upper surface. In Chapter 3, the onlap and monotonous 

accumulation of aggradational lobe fringes (Unit 4A) revealed a long-lived debrite relief, 

culminating with the progradation of the sand-rich submarine lobe (Unit 4B) (Figure 6.1). 

The intraslope lobe is characterised by progressive down-dip thinning and fining. The 

area where the lobe pinches out coincides with where the underlying lobe fringes (Unit 

4A) and smaller scaler debrites onlap the mounded relief of the debrite (Unit 2). This 

distribution suggests that the relief was not wholly healed with the deposition of the thin 

beds and continued to affect the flows forming the lobe.  

 

An alternative is that the larger-scale topography was rejuvenated during the deposition 

of Unit 4 (Figure 6.1). The possible mechanisms for such a dynamic nature of the upper 

surface were discussed in Martinez-Donate et al. (2021) and include: 1) downslope 

creeping during the deposition of Unit 4; 2) mechanical subsidence associated with an 

east-dipping fault and subsequent rotation of the debrite or 3) fluid loss-controlled 

evacuation (Figure 6.1; see 'recommendation for future work' section). Post-depositional 

remobilisation associated with basinward-facing faults is not rare in submarine landslide 

deposits (see 'double slope failure' section in Sobiesiak et al., 2016).  
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Figure 6.1. Down-dip oriented block diagram illustrating the relief created by the debrite 

and the impact on younger sand-rich units. The left block shows how foundered 

sandstones fill the small-scale rugosity, leaving the kilometre-scale accommodation 

underfilled. The middle block shows potential mechanisms that could have rejuvenated 

the debrite relief. The right block shows how the accumulation of thin beds draped the 

debrite, followed by the progradation of the intraslope lobe, which is gently impacted by 

the long-lived inherited relief. Modified from Martínez-Doñate et al. (2021). 

 

A similar phenomenon was reported in the Ainsa Basin (Chapter 5), where a secondary 

failure of a slump was responsible for the development of crevasse lobes and their onlap 

onto the slide scar. This secondary failure suggests a less fluidal rheology submarine 

landslide, indicated by the preservation of original bedding (even if folded) in contrast to 

the debrite of Chacay Melehue, which showed more plastic rheology indicated by the 

high degree of internal disaggregation and excess pore pressure. Furthermore, in the 

Ainsa Basin, tertiary small-scale (< 1 m thick) mass failures from nearby stratigraphy also 

played an important role by flattening and widening the breach in the channel wall where 

the sediment gravity flows exited confinement highlighting that submarine landslide 

deposits can show multi-episode failures. 
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6.2 Are all intraslope lobes made equal? 

The studies in Chacay Melehue (Chapter 3) and Chachil Graben (Chapter 4) enabled the 

characterisation of exhumed early post-rift intraslope lobes. The intraslope lobe of the 

Chacay Melehue Graben is 5.7 m thick and at least 4.3 km long. These intraslope lobes 

comprise a lobe axis dominated by argillaceous high-density turbidites with banded tops 

evolving down-dip into medium-bedded transitional flow deposit-dominated lobe off-

axis and thin-bedded lobe fringe sub-environments. The intraslope lobes in Chachil 

Graben are 4.5 to 7 m thick and ~ 3 km long. Their dimensions are comparable to those 

reported in Spychala et al. (2015) and Brooks et al. (2018c) in the Karoo Basin but largely 

differ from the turbidite-dominated sub-environments: lobe axis is built by structureless 

thick-bedded turbidites, lobe off-axis by structured medium-bedded turbidites comprising 

wavy and climbing-ripple laminations and fringes show are built by thin sandstones beds 

characterised by bidirectional ripple lamination (Figure 6.2). The sandy nature of 

intraslope lobes is attributed to the preferential trapping of the coarser fraction of the 

sediment gravity flows while the more dilute fine-grained top of the turbidity currents 

bypasses (e.g. Spychala et al., 2015). Similar sedimentary facies were documented in the 

crevasse lobes of the Ainsa Basin (Chapter 5). However, the Early Jurassic intraslope 

frontal lobes of the Los Molles Formation are predominately built by deposits from 

transitional flows across all sub-environments (Figure 6.3), which inhibited effective 

grain size segregation and resulted in flow collapse as a result of flow deceleration, and, 

therefore very different pinch-out architectures. 
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Figure 6.2. Schematic diagram comparing the facies in different lobe sub-environments 

in the intraslope lobes reported in the Karoo Basin (left, yellow- and brown coloured; 

Spychala et al., (2015)) and Neuquén Basin (right, green-coloured; Chapter 4). 

 

Petrological work supports the interpretation of transitional flow behaviour due to the 

high-matrix content reported from axis to fringe sub-environments. Comparing the matrix 

content as a function of the mean grain size of Chachil Graben's early post-rift intraslope 

lobes to previous studies investigating matrix-rich deep-water deposits, the closest 

analogues are the 'slurry' flow deposits of the Britannia Formation of Lowe and Guy 

(2000) and the transitional flow deposits of the Forties Fan of Davis et al. (2009) (Figure 

6.3), both of them also being deposited during their respective post-rift stages. 
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Figure 6.3. Graph showing matrix content as a function of the mean grain size of the 

intraslope lobes of the Chachil Graben (n=40; light blue coloured) and other published 

studies. The dashed line at the 15% matrix represents the threshold for matrix-poor and 

matrix-rich intervals (Pettijohn et al., 1972). 

 

6.2.1. Why are the investigated intraslope lobes in the Neuquén Basin 

largely built by transitional flow deposits? 

Petrological work in Chachil Graben Chapter and the NE-prograding submarine lobes 

from in Chacay Melehue Graben (Central W Neuquén Basin and Bathonian age) and 

Chachil Graben (SW Neuquén Basin and Toarcian age) indicate that both were fed from 

the volcanic arc, as previously suggested by Burgess et al. (2000). The growing volcanic 

arc at the southwestern basin margin most-likely produced a relatively narrow shelf 

configuration. Additionally, mass failures could have altered basin margin physiography 

by narrowing the shelf edge and promoting favour rapid sediment transfer downslope, as 

suggested in Chacay Melehue Graben (Chapter 3) (Figure 3.12). This palaeogeography 

and feeder system contrast with more mature basins with well-developed and mature 

drainage systems, where the sediment is transported for long distances and stored on the 
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shelf for longer before remobilisation to deep-water areas (Sømme et al., 2009). 

Furthermore, mature and well-developed channel systems, such as in the Ainsa Basin, are 

very effective at narrowing the grain-size range of flows (e.g. Hodgson et al., 2016). 

Back-arc settings with immature shelves are likely to develop multiple coeval entry points 

(e.g. slope incision or gullies; Carey and Schneider, 2011) and poorly-developed 

distributary systems where the removal of fines to overbanks areas via flow stripping is 

limited (Figure 6.4). 

 

Figure 6.4. Block diagram illustrating turbidite-dominated (yellow coloured) crevasse 

lobes (Chapter 5 and Morris et al., 2014a); frontal intraslope lobes (Spychala et al., 2015) 

developed in simple stepped slope profiles and/or fed by a channel-levee system (see Jobe 

et al., 2017); TFD-dominated intraslope lobes (green coloured) developed over a 

submarine landslide (Chapter 3) and in structurally complex stepped slopes where 

distributary systems are poorly developed (Chapter 4). 

 

Additionally, sediment gravity flows might have entrained large amounts of clay as they 

over-rode thick mudstone-dominated substrates rejuvenated through differential 
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compaction rather than static and/or sand-prone substrates. The role of well-developed 

channel systems and reduced interaction with clay-prone substrates is demonstrated by 

the turbidite-dominated crevasse lobes of the Ainsa Basin (Chapter 5). Here, the short 

distances travelled by the parental flows once they escaped channel confinement to their 

deposition (< 100 m) and the limited entrainment of marly and silty substrate material did 

not suppress flow turbulence due to the reduced tendency of these materials to form flocs 

or gel, in comparison to clays (Baas et al., 2009; Baker et al., 2017). 

 

Therefore, this thesis concludes that the dimensions and depositional architecture of 

intraslope lobes are strongly controlled by accommodation and physiography, while the 

nature of their deposits is closely related to the parental flow properties and maturity of 

the distributary systems. 

 

6.3. Influence of subtle seafloor topography on sediment gravity flow behaviour 

The influence of steep seafloor relief on sediment gravity flow behaviour in highly 

confined settings has been well-documented from exhumed lobe succession, where 

abrupt thinning and onlap terminations are developed (Sinclair, 2000; McCaffrey and 

Kneller, 2001; Sinclair and Tomasso, 2002; Apps et al., 2004; Gardiner, 2006; Bakke et 

al., 2013; Patacci et al., 2014; Soutter et al., 2019); this has been documented in the 

crevasse lobes onlapping a slide scar in the Ainsa Basin (Chapter 5). However, 

recognition of subtle slope changes in exhumed lobe systems (Smith, 2004; Burgreen and 

Graham, 2014; Spychala et al., 2017c; Privat et al., 2021) remains problematic due to 

subtle facies changes and pinch-outs that do not terminate against basin margins or 

topographic highs. This thesis provides evidence of subtle seafloor topography across 
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different observational scales based on the facies transitions, terminations and stacking 

patterns. 

6.3.1. Event-bed scale 

Sediment gravity flows will respond differently when interacting with seafloor 

topography according to their flow properties (Kneller and McCaffrey, 1999; Al Ja'Aidi 

et al., 2004; Smith, 2004b; Bakke et al., 2013). Studying the deposits of highly 

concentrated flows and their thinning patterns was particularly relevant to understanding 

the gentle seafloor configuration of the different study areas documented in this thesis. 

Due to the limited flow efficiency of medium to high-yield strength debris flows, debrites 

develop abrupt pinch-outs even on gentle slopes such as in the Chacay Melehue and 

Chachil Grabens (Chapters 3 and 4). High-density turbidites did not develop abrupt 

pinch-outs; instead, they evolved down-dip into poorly-sorted matrix-rich transitional 

flow deposits. The study of the systematic pinch-out of transitional flow deposits helped 

to understand the nature and evolution of the gentle topography related to the differential 

compaction of mudstones in Chachil Graben (Chapter 4) and the identification of the 

subtle remnant topography over the debrite in Chacay Melehue Graben (Chapter 3). The 

study of individual low-density turbidites in the thin-bedded package (Unit 4A) showed 

that some of the beds developed onlap terminations against the debrite; however, in most 

cases, low-density turbidites showed thinning rates that can be negligible over tens of 

metres in gently confined settings, as reported in Chacay Melehue Graben (Chapter 3) 

and Chachil Graben (Chapter 4).  

6.3.2. Stratal packages 

The characterisation of stratal packages and the stacking patterns provided the most useful 

information about the broader response of lobe systems and the nature of their bounding 

slopes. Highly confined deep-water successions commonly show tabular architectures 
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consisting of highly amalgamated sheet-like event beds onlapping onto steep slopes (see 

'Class 1' onlap from Smith and Joseph, 2004). The resulting successions can show a 

bimodal deposit distribution, where lows comprise the thickest and coarser-grained 

deposits and mudstones dominate the steep slopes, as reported in the Ainsa Basin 

(Chapter 5) with the channels (regional low), crevasse lobes (local low) and overbank 

(slope). Such end-member stratal packages produce different aggradation rates between 

the lows and slopes, producing the climbing trajectory of onlapping thick beds over a 

diachronous confining surface. As a result, these stratal packages will show monotonous 

mudstone-prone accumulations characterised by abrupt upwards thickening and 

coarsening trends (Soutter et al., 2019). 

 

In contrast, gently confined lobes are typically characterised by a more gradual thinning, 

decreasing bed amalgamation and sandstone-mudstone proportion towards the confining 

slopes. Unlike in mudstone-dominated slope successions of steep basin margins, 

sedimentation over gentle slopes is likely to be dominated by thin sandstone beds, 

promoting more balanced aggradation rates over the topographic lows and slopes such as 

documented in the thin-bedded interval overlying the debrite of Chacay Melehue Graben 

(Chapter 3), or lobe fringes in the Chachil Graben (Chapter 4). The resultant stratal 

packages will be characterised by progressive thickening and coarsening upward 

successions, as shown in the Chachil Graben (Chapter 4). 
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6.4. Recommendations for future work 

One feature that requires further investigation in the western sector of Chacay Melehue 

Graben (Chapter 3) is the presence of large intrusive and extrusive mud-rich features 

(Figure 6.5 and Figure 6.6) related to fluid-loss controlled evacuation, which might have 

rejuvenated the larger-scale topography and affected the younger sandstone deposits that 

immediately overlie the studied interval (Figure 6.5A). Commonly these mud-rich 

features show discordant sub-vertical bodies that cross-cut the stratigraphy at various 

angles (15-90°) (Figure 6.5). One of the features shows a dome-like geometry (Figure 

6.6), promoting the thinning and onlap of overlying sandstone beds, indicating that these 

features were on the seabed at the deposition time. In addition, at the base of the dome is 

a discordant mud-rich feature filled with clasts. Together, these observations support a 

mud volcano interpretation. Browne et al. (2020) documented similar features on outcrop- 

and subsurface examples north of the Taranaki Basin (New Zealand). These authors link 

the mud-rich features to fluid escape structures coming from basal MTDs, caused by 

sudden loading resulting from the emplacement of younger MTDs. Blanchard et al. 

(2019) also documented similar large-mud-rich features in the exhumed delta-front 

deposits in the Carboniferous of the Shannon Basin (County Clare, Ireland). In Chacay 

Melehue, it is not clear where the source of the mud is, but it could be sourced from 

overpressured parts of the debrite (Unit 2) that extruded onto the seabed. If in 3D, there 

is a mass evacuation of mud from the landslide body to the seabed, this could 'deflate' the 

deposit and lead to the observed dynamic nature of this feature (Figure 6.1).  

Another aspect to consider for future works is evaluating whether large-scale foundered 

sandstones can be targeted during hydrocarbon exploration and for future carbon storage 

due to their connectivity and stratigraphic trapping potential. This study would require an 
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evaluation of the porosity and permeability of both foundered sandstones and underlying 

debrites.  

 

Figure 6.5. (A) The general stratigraphic column of the studied interval in the Chacay 

Melehue Graben (Chapter 3) is overlain by a 'chaotic sandy unit' showing a range of mud-

rich features. (B) Discordant mudstone injection onto sandstone and (C) inset on the 

mudstone injection. (D) Discordant 14 m long mudstone injection. Note its discordant 

nature on the stereonet, which shows regional bedding gently dipping towards SE while 

the contacts of the mudstone injectite (measured every 50 cm on both sides from base 

top) and the long axis of some clast within it show a sub-vertical trend. (E) Inset on the 

contact between the mudstone injectite and the host sandstones. 
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Figure 6.6. (A) Uninterpreted UAV photograph. Note that the white circle highlights 

two geologists for scale. (B) Interpreted UAV photograph highlighting the dome-like 

feature (centre) and a mudstone injection (left). Note discordant bedding of the yellow-

coloured unit in contrast to the underlying Unit 4B (orange) and two overlying beds 

(green), which onlap and thin over the top of the dome-like feature indicating its 

extrusive nature. (C) and (D) Inset on the green-coloured units. Note that the mudstone 

clast in (C) eroded and incorporated into the gravity flow, supporting the extrusive 

nature.  

 

Stratigraphic correlation, analysis of different pinchout styles, and the petrographic 

characterisation of sandstone bed types in the Chachil Graben (Chapter 4) raised the 

question of whether early post-rift lobe systems have potential as reservoirs for 

hydrocarbons and carbon storage. The grain size, sorting, matrix content and distribution 
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were quantified; these are key parameters controlling porosity and permeability values 

(e.g., Bell et al., 2018). Overall, the mean grain size, amalgamation and 

sandstone/mudstone proportions decrease from lobe axis to fringes, whereas matrix 

content and sorting increase. The deposits found at the lobe axis are likely to comprise 

the best reservoir properties of the lobes due to the abundance of high-density turbidites 

(only in the Upper Lobe complex) and the high amalgamation, which promotes 

communication between sandstone beds (Begg and King, 1985; Desbarats, 1987; 

Deutsch, 1989). In contrast, the decrease in amalgamation, grain size and the development 

of argillaceous deposits or divisions on the lobe-off axis and lobe fringes may result in 

decreasing permeability values (intrabed baffles; Porten et al., 2016; Southern et al., 2017; 

Bell, 2019). 

 

On the other hand, the development of abrupt HEB-rich frontal pinch-outs, and 

confinement produced by compaction-related topography, suggests a high stratigraphic 

trapping potential with reduced leakage risk. The coarser grain sizes and less argillaceous 

deposits of the Upper Lobe complex suggest higher permeability values than the 

transitional flow deposit-dominated Lower Lobe complex (e.g. Southern et al., 2017). 

However, in the subsurface, the matrix content does not necessarily hinder the reservoir 

properties as the volume of clay coating around grains, such as chlorite, can inhibit quartz 

cement growth and, therefore, preserve primary porosity (Heald and Larese, 1974; 

Ehrenberg, 1993; Anjos et al., 2009; Dowey et al., 2012). Apart from the depositional 

reservoir quality (Marchand et al., 2015; Porten et al., 2016), the Early Jurassic intraslope 

lobes of the Los Molles Formation need an evaluation of the effects of post-depositional 

processes on texture. In addition, the development of injectites that pinch out within the 

mudstones suggests that they may form stratigraphic traps (post-depositional) (Hurst et 
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al., 2005, 2008; Scott et al., 2013), although they can also represent leakage paths 

(Monnier et al., 2014; Cobain et al., 2017). Further work in these or similar deposits is 

needed to improve our understanding of how these systems act as hydrocarbon reservoirs, 

aquifers, and carbon or hydrogen storage sites. 
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6.5. Conclusions 

This thesis highligths that deep-water sedimentary systems are controlled by the interplay 

between the nature of sediment gravity flows and the receiving basin. The primary 

controls in facies and their transitions are dependent on the concentration of the flows, 

the amount of incorporated mud from the substrate and the bathymetrical configuration 

of the basin across different scales. Denser flows tend to decelerate more abruptly and 

produce strong deposit variability, unlike dilute flows, which can maintain their 

efficiency for longer distances. The greater the incorporation of cohesive mud, the shorter 

the distance over which flows transform into low-efficiency cohesive flows, resulting in 

rapid flow collapse.  

The investigated early post-rift back-arc intraslope lobes are characterized by matrix-rich 

and transitional flow-dominated sedimentary bodies product of poorly-developed 

distributary systems, which enhanced mud availability and limited the overspilling of 

fine-grained sediments. In contrast to the lobes foreland basin are characterized by 

structured turbidites lacking transitional flow deposits, consequence of well-developed 

channel system. 

This thesis concludes that facies and their transition, and terminations of early post rift 

lobes largely contrast with other subsurface and exhumed examples and raises the 

conclusions that each sedimentary system is its only analogue, despite the similarities 

between systems developed in similar tectonostratigraphic settings.  
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8. Appendix 

Sample 

Bed Sample Quartz 

Feldspar 

Group Lithoclasts 

Sheet 

Silicates 

Accessory 

minerals 

Organic 

particles Matrix 

Volcanic 

lithoclasts 

Metamorphic 

lithoclasts 

Sedimentary 

lithoclasts 

Counted 

grains 

S1 CH-1 27.6% 20.2% 29.5% 4.2% 0.0% 1.3% 17.3% 96.1% 2.8% 1.1% 400 

S1 CH-2 26.9% 16.5% 33.1% 4.4% 0.0% 0.50% 18.6% 98.4% 0.0% 1.6% 400 

S1 CH-3 28.1% 18.9% 34.7% 2.5% 0.0% 0.6% 15.2% 97.2% 1.1% 1.8% 400 

S2 CH-4 22.1% 19.1% 25.1% 3.7% 0.0% 3.2% 26.9% 95.8% 0.0% 4.2% 400 

S2 CH-5 22.7% 17.0% 21.9% 5.7% 0.8% 14.9% 17.0% 76.5% 0.0% 23.5% 400 

S3 CH-A 28.8% 14.0% 43.8% 0.3% 0.3% 0.0% 12.7% 87.4% 3.1% 9.6% 400 

S3 CH-B 27.5% 16.6% 33.9% 0.8% 0.0% 0.0% 21.2% 87.0% 13.0% 0.0% 400 

S3 CH-C 24.2% 15.5% 33.3% 0.3% 0.3% 0.8% 25.6% 91.0% 6.0% 3.0% 400 

S3 CH-D 27.1% 17.9% 26.1% 0.5% 0.5% 1.0% 26.9% 92.1% 5.5% 2.4% 400 

S4 CH-E 29.1% 15.6% 36.6% 0.5% 0.5% 0.3% 17.4% 87.2% 10.9% 1.8% 400 

S4 CH-F 27.1% 11.6% 44.3% 0.5% 0.0% 0.0% 16.5% 78.1% 19.2% 2.7% 400 

S4 CH-6 38.2% 11.1% 46.2% 0.8% 0.0% 0.1% 3.5% 95.4% 4.1% 0.5% 400 

S4 CH-7 36.8% 12.9% 40.8% 1.1% 0.0% 2.6% 5.8% 96.2% 2.5% 1.3% 400 

S4 CH-8 48.3% 19.5% 22.8% 3.6% 0.8% 1.0% 3.9% 98.2% 1.4% 0.5% 400 

S5 CH-9 13.6% 5.4% 32.3% 0.8% 1.0% 8.1% 38.8% 99.7% 0.0% 0.3% 400 

S5 CH-10 17.3% 10.5% 18.1% 1.3% 0.3% 12.2% 40.3% 99.4% 0.0% 0.6% 400 

S6 CH-11 30.2% 9.4% 30.0% 0.3% 0.0% 13.9% 16.2% 98.3% 1.7% 0.0% 400 

S6 CH-12 28.8% 12.5% 26.3% 1.3% 0.3% 17.8% 13.0% 81.0% 1.9% 17.1% 400 

S6 CH-13 33.1% 11.3% 33.1% 0.5% 0.0% 7.0% 14.9% 83.3% 0.0% 16.7% 400 

S7A CH-14 23.5% 15.8% 21.0% 5.6% 0.8% 7.7% 25.6% 86.4% 0.0% 13.6% 400 

S7B CH-15 22.7% 12.7% 21.1% 6.0% 0.5% 7.2% 29.9% 79.1% 1.5% 19.4% 400 

S8 CH-G 29.2% 14.3% 28.7% 2.3% 0.5% 2.5% 22.5% 86.8% 3.5% 9.7% 400 

S8 CH-H 24.4% 16.5% 36.9% 1.0% 0.3% 2.3% 18.6% 90.2% 0.8% 8.9% 400 

S8 CH-i 33.8% 13.1% 28.7% 1.5% 0.0% 2.6% 20.3% 91.8% 1.1% 7.1% 400 

S9 CH-16 36.5% 17.2% 30.7% 0.0% 0.3% 2.6% 12.7% 95.2% 2.9% 1.8% 400 

S10 CH-17 38.6% 13.1% 29.7% 1.3% 0.5% 1.8% 14.9% 90.5% 2.7% 6.8% 400 

S10 CH-18 27.7% 17.7% 16.5% 3.8% 0.8% 8.8% 24.7% 89.2% 0.0% 10.8% 400 

S11 CH-19 19.0% 14.3% 23.8% 1.1% 0.3% 8.9% 32.4% 85.9% 0.0% 14.1% 400 

S11 CH-20 22.3% 7.7% 25.1% 2.5% 1.1% 3.9% 37.4% 78.9% 0.0% 21.1% 400 

S11 CH-21 32.5% 17.1% 12.5% 2.5% 0.5% 5.2% 29.6% 84.5% 0.0% 15.5% 400 

S12 CH-22 30.6% 12.0% 33.8% 4.6% 0.5% 5.3% 13.1% 81.70% 0.00% 18.30% 400 

S12 CH-23 24.2% 15.6% 33.6% 1.5% 0.8% 4.1% 20.2% 81% 0.00% 19% 400 

S12 CH-24 28.7% 17.3% 27.4% 1.1% 0.3% 2.7% 22.6% 80.20% 0.00% 19.80% 400 

S13 CH-25 30.6% 14.0% 36.3% 0.8% 0.0% 0.8% 17.4% 90.0% 5.7% 4.3% 400 

S13 CH-26 34.7% 12.9% 16.7% 0.8% 0.5% 1.0% 33.4% 62.0% 0.0% 38.0% 400 

S14 CH-27 31.7% 15.1% 43.1% 0.5% 0.0% 0.8% 8.8% 79.2% 17.2% 3.7% 400 

S14 CH-28 33.7% 13.4% 38.4% 0.3% 0.3% 1.0% 12.8% 75.5% 14.9% 9.5% 400 

S15 CH-29 28.7% 16.5% 32.5% 1.9% 0.3% 0.5% 19.6% 88.9% 6.3% 4.8% 400 

S15 CH-30 24.1% 13.6% 35.3% 1.8% 0.8% 1.5% 22.8% 41.3% 8.7% 50.0% 400 

S15 CH-31 24.6% 23.9% 18.6% 1.0% 0.3% 1.0% 30.6% 90.3% 5.4% 4.3% 400 

Table 1 – Mineralogy table of detrital grains of the analysed samples: Lithoclast group 

is subdivided into volcanic (Lv), metamorphic (Lm), and sedimentary (Ls) lithoclasts.  
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Sample Sample Bed Bed type 

Modal size 

class 

Mean 

(mm) 

Median 

(mm) 

Sorting (F & 

W) Sorting (F & W) Counted grains 

CH-1 S1 F Medium sand 0.3072mm 0.1477mm 1.27 poorly sorted 200 

CH-2 S1 F Medium sand 0.2910mm 0.0492mm 1.312 poorly sorted 200 

CH-3 S1 F Medium sand 0.2664mm 0.4361mm 0.831 moderately sorted 200 

CH-4 S2 D Very fine sand 0.1232mm 0.1449mm 0.817 moderately sorted 200 

CH-5 S2 D Very fine sand 0.1277mm 0.1737mm 0.771 moderately sorted 200 

CH-A S3 F Coarse sand 0.8341mm 1.5535mm 1.489 poorly sorted 200 

CH-B S3 F Coarse sand 0.6380mm 0.9349mm 1.326 poorly sorted 200 

CH-C S3 F Coarse sand 0.6647mm 1.0157mm 1.036 poorly sorted 200 

CH-D S3 F Medium sand 0.3152mm 0.5501mm 0.946 moderately sorted 200 

CH-E S4 B Medium sand 0.7568mm 1.5690mm 1.564 poorly sorted 200 

CH-F S4 B 

Very coarse 

sand 0.9931mm 0.2036mm 1.152 poorly sorted 200 

CH-6 S4 B 

Very coarse 

sand 0.9987mm 1.0557mm 1.142 poorly sorted 200 

CH-7 S4 B Medium sand 0.6497mm 0.5536mm 1.154 poorly sorted 200 

CH-8 S4 B Medium sand 0.4037mm 0.3805mm 0.829 moderately sorted 200 

CH-9 S5 F Fine sand 0.1696mm 0.1428mm 0.879 moderately sorted 200 

CH-10 S5 F Very fine sand 0.1020mm 0.0513mm 0.932 moderately sorted 200 

CH-11 S6 B Medium sand 0.3266mm 0.1514mm 0.966 moderately sorted 200 

CH-12 S6 B Fine sand 0.2074mm 0.0978mm 0.895 moderately sorted 200 

CH-13 S6 B Fine sand 0.1993mm 0.3100mm 0.962 moderately sorted 200 

CH-14 S7A D Medium sand 0.2711mm 0.2768mm 0.974 moderately sorted 200 

CH-15 S7B D Fine sand 0.1961mm 0.1762mm 0.859 moderately sorted 200 

CH-G S8 E Medium sand 0.3315mm 0.3908mm 0.863 moderately sorted 200 

CH-H S8 E Medium sand 0.3096mm 0.1906mm 0.861 moderately sorted 200 

CH-I S8 E Fine sand 0.2130mm 0.1262mm 0.67 

moderately well 

sorted 200 

CH-16 S9 B Coarse sand 0.4544mm 0.4377mm 1.167 poorly sorted 200 

CH-17 S10 F Medium sand 0.3860mm 0.7878mm 0.87 moderately sorted 200 

CH-18 S10 F Fine sand 0.2519mm 0.5500mm 0.893 moderately sorted 200 

CH-19 S11 C Fine sand 0.2179mm 0.1659mm 0.865 moderately sorted 200 

CH-20 S11 C Fine sand 0.2006mm 0.7142mm 1.033 poorly sorted 200 

CH-21 S11 C Very fine sand 0.1248mm 0.0978mm 0.857 moderately sorted 200 

CH-22 S12 E Medium sand 0.3235mm 0.2803mm 0.781 moderately sorted 200 

CH-23 S12 E Medium sand 0.2816mm 0.3158mm 0.864 moderately sorted 200 

CH-24 S12 E Fine sand 0.1804mm 0.2052mm 0.783 moderately sorted 200 

CH-25 S13 A Medium sand 0.3500mm 0.4914mm 0.887 moderately sorted 200 

CH-26 S13 A Fine sand 0.1458mm 0.0746mm 0.749 moderately sorted 200 

CH-27 S14 B Coarse sand 0.6170mm 0.5347mm 1.322 poorly sorted 200 

CH-28 S14 B Medium sand 0.4170mm 0.3589mm 0.962 moderately sorted 200 

CH-29 S15 E Medium sand 0.4374mm 0.3564mm 0.943 moderately sorted 200 

CH-30 S15 E Medium sand 0.3034mm 0.1072mm 0.899 moderately sorted 200 

CH-31 S15 E Medium sand 0.2877mm 0.1943mm 0.956 moderately sorted 200 

Table 2 –Grain size table. The modal grain size, mean and median grain size (mm) and 

sorting (F & W) of each sample are shown. 


