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Abstract 
 
The aim of this PhD is to improve the recognition criteria of supercritical-flow 

deposits (SFDs) from outcrop and core observations of the Middle Eocene deep-

marine sediments of the Ainsa and Jaca basins, to better characterise the architecture 

of ancient deep-water systems. 

 

(1) Based on outcrop observations, six facies associations related to SFDs are defined. 

These facies associations are binned in two categories. The first group is related to 

erosional coarse-grained supercritical-flow bedforms, e.g., large- and small-scale 

cyclic steps. The second group is related to depositional fine-grained supercritical-

flow bedforms associated with unstable and stable antidunes and upper-plane beds. 

 

(2) Based on 11-months of fieldwork, a hydrodynamic description and interpretation 

of three contrasting depositional environments in the submarine channel and canyons 

of the Ainsa Basin is presented, complemented by a hydrodynamic analysis of the 

correlated submarine lobe-and-related deposits of the Jaca Basin. From this analysis, 

three parameters are recognised as controlling the distribution of SFDs in a deep-

marine system: (i) sandbody confinement, (ii) slope gradient, and (iii) basin geometry. 

 

(3) Based on detailed core studies of the Ainsa Basin, three recognition criteria related 

to SFDs are defined: (i) centimetre-scale scours; (ii) backset lamination, and (iii) 

planar-parallel lamination. The distribution of SFDs throughout the cores reveals 

intervals dominated by SFDs separated by intervals with mostly subcritical-flow 

deposits that can be linked with depositional environments controlled by confinement 

and slope gradient. 

 

This PhD research demonstrates the contribution and value of outcrop and core 

analyses when linked with observations in modern deep-marine systems, flume-tank 

experiments and theoretical studies, in understanding flow-processes and deposits, and 

the evolution of submarine-fan environments. The results of this research should be 

useful not only for the academic scientific community, but also for the hydrocarbon 

industry, as it permits the prediction of sedimentological aspects of submarine 

systems, e.g., the architecture and porosity-permeability relationships. 
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Impact statement 
 

The results of this research should contribute to a better understanding of Earth-surface 

processes in deep-water environments. Until this study, the majority of deep-water 

systems have been described using the Bouma (1962) sequence, the Lowe (1982) or 

the Mutti (1992) models for beds. However, it now seems that many of these systems 

cannot be adequately described using these models. This study provides a new facies 

classification related to flow processes that could be applied to a large range of deep-

water submarine-fan environments. 

This study demonstrates the power of flow-process analysis as a tool in 

characterising submarine fan environments, something that has been underestimated. 

This research shows that the analysis of SFDs and their distribution helps to improve 

the understanding of the morphodynamics of submarine fans, e.g., their initiation and 

evolution. So far, the academic scientific community has mainly focussed on the 

analysis of SFDs using numerical modelling, flume-tank experiments and direct 

observations on the modern seafloor. This research is a first step in the recognition of 

SFDs in ancient deep-water deposits, complementing studies using others types of 

methods (numerical modelling, flume experiments, etc). It also should demonstrate to 

the academic community that, based on the interpretation of flow-processes related 

deposits, it is possible to reconstruct submarine-fan geometry and its architecture 

evolution. 

Not only is such an analysis helpful for the research community, but also for 

the hydrocarbon industry, as it should provide better constraints on the architecture of 

deep-water submarine-fan environments, permitting the prediction of 

sedimentological aspects of submarine systems, e.g., the architecture and porosity-

permeability relationships for both the reservoir (e.g., high porosity, high permeability 

sand) and the seals (low-porosity, low-permeability), and, therefore, help in reducing 

uncertainty in reservoir modelling. 

Finally, the Ainsa and Jaca basins provide world class outcrops that have been 

extensively studied and visited by students, academics and hydrocarbon industry 

personnel, all attempting to better understand various concepts in sedimentology and 

stratigraphy. The 50 detailed sedimentary logs measured in the Ainsa and Jaca basins 

provide an opportunity for students, academic and industry personnel to revisit and 
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reinterpret the outcrops of the Ainsa and Jaca basins in term of hydrodynamic 

processes. 

Furthermore, this research has provided the first detailed map of the 

depositional environments in the Jaca Basin, including lobe-axis, lobe off-axis, lateral 

and distal lobe-fringe sites.  
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Chapter 1  
 

 

INTRODUCTION 
 

 

 

1.1 Introduction 

 
Submarine fans and other deep-water systems are volumetrically significant 

depositional systems in modern and ancient ocean basins. They are major oil and gas 

reservoirs in many sedimentary basins worldwide (Fig. 1.1). In recent years, an interest 

in sedimentology of deep-water reservoirs, by the hydrocarbons industry, has driven 

forward a substantial improvement in the understanding of such systems. Much of this 

improved understanding has come from observations and interpretations from high-

quality 3-D seismic surveys, well and core data. All of which are used in reservoir 

modelling. The focus of these models has been to improve accuracy, in predicting the 

geometry and stacking patterns for both reservoirs and seals, i.e., aspects of reservoir 

heterogeneity.  

Sand/mud proportion, grain size, bedform architecture and sedimentary 

structures, all represent criteria used to improve the understanding of reservoir and 

seal architecture characteristics.  

The evaluation of flow-processes and related deposits, particularly 

supercritical-flow deposits (SFDs), can be another useful criterion to constrain the 

architecture of deep-water systems such as submarine fans. Many sandy submarine 

fans should contain abundant evidence of deposition and/or erosion beneath 

supercritical-flow. It has been postulated that turbidity currents should be supercritical 

on any subaqueous slopes > 0.5°, with the formation of a hydraulic jump at the break-

of-slope, e.g., the transition from a submarine canyon to the basin floor, such as in 

submarine fans (Walker, 1967; Komar, 1971; Hand et al., 1972; Hand, 1974). 
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Turbidity currents are likely to be supercritical within submarine canyons, compared 

with more distal submarine lobes. They will also tend to be under supercritical-flow 

conditions within channel axes, as compared to the channel off-axis or margin. A 

critical evaluation of SFDs is, therefore, a potentially useful means of improving our 

understanding of the architecture of deep-water systems both in proximal-to-distal and 

axial-lateral directions (from submarine canyon to submarine lobes, and from channel-

axis to channel-levée-overbank, respectively). 

It is anticipated that the results of this thesis will contribute to a better 

understanding of Earth-surface processes in deep-water environments. A direct 

beneficiary of this thesis will be the hydrocarbon industry, as the results presented here 

will provide better constraints on the architecture of deep-water submarine-fan 

environment and reduce uncertainty in reservoir modelling. In particular, the research 

results presented here provide quantitative information on the distribution of various 

SFDs in specific submarine fan and related environments. 

 

 
Figure 1.1: World map showing principal frontier areas for hydrocarbon exploration, 
including the main deep-water areas (in black). From Stow and Mayall (2000). 
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The Ainsa and Jaca basins, the field location of this research, provides world-

class outcrops of deep-marine sedimentary systems in deep time. Over the past 50 

years, the Ainsa–Jaca outcrops have been studied and visited by many students, 

academics and hydrocarbon industry personnel, in order to improve their knowledge 

of deep-water sedimentology and stratigraphy. The work of previous UCL PhD 

students in the Ainsa Basin has provided a substantial database in term of architecture 

and stratigraphy of the sandbodies in the Ainsa Basin, mainly representing sandy-mid-

lower slope and proximal fans sediments. Furthermore, 8 wells were drilled in the 

Ainsa System as a UCL-managed research project, with core and well-log data being 

studied as part of this ongoing research. The Ainsa Basin is well understood 

tectonically and architecturally in terms of the deep-marine sandbodies and 

enveloping mudrocks. This database is used to evaluate evidence for supercritical 

flows. The evaluation of evidence for supercritical-flow and the resultant deposits was 

extended to the Jaca Basin, which forms the distal part of the deep-marine system, 

where lobes and related deposits correlating with the proximal fans in the Ainsa Basin 

were observed. 

 

1.2 Research objectives 

 

The principal objectives of this research project can be summarised as: 

 

(1) Identify recognition criteria for SFDs in outcrops in order to establish a conceptual-

model for each supercritical-flow bedform type (e.g., upper-plane beds, stable and 

unstable antidunes, and cyclic steps) in deep-marine environments. 

 

(2) To revisit and provide a hydrodynamic interpretation of outcrops of the mid-, 

lower-slope and proximal basin-floor environments of the Ainsa Basin and of the 

submarine-lobe environments of the Jaca Basin.   

 

(3) Identify the parameters that likely controlled the distribution of SFDs in various 

submarine-fan and related depositional environments, by analysing the spatial 

distribution of SFDs at three different scales using qualitative and quantitative 

analysis: 
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(i) Channel-axis, channel off-axis and channel-margin environments within 

selected submarine canyon/channels system of the Ainsa Basin. 

 

(ii) At a larger scale, an analysis of the SFD distribution within different sandy 

fans in the Ainsa and Jaca basins. In the Ainsa Basin, SFD distribution is analysed 

from the mid-slope to the proximal basin-floor environments. In the Jaca Basin, 

the study area ranges from lobe axis to lobe distal-fringe environments.  

 

(iii) An analysis of the SFD distribution between the submarine canyons/channel 

and related environments of the Ainsa Basin, and the SFD distribution of the 

submarine lobes and related environments of the Jaca Basin. 

 

(4) Identify recognition criteria of SFDs in cores, complemented by studying the 

distribution of SFDs throughout cores and associated depositional environments. 

 

 

1.3 Thesis outline 

 

This thesis is divided into nine chapters.  

 

Chapter 1 is an introduction which outlines the context and rationale, along 

with the different research objectives, of this thesis. It includes a brief description of 

the different categories of sediment gravity flows (SGFs) and their deposits. Chapter 

1 also introduces the concept of supercritical flows and associated bedforms.  

 

Chapter 2 outlines the general methodology used for both analysis of SFDs in 

the field and in cores.  

 

Chapter 3 presents the geological settings of the Pyrenees and in particular the 

Ainsa and Jaca basins during the Eocene. A new age model for the sandbodies of the 

Jaca Basin with a new correlation framework between the Ainsa and Jaca basins, is 

presented, along with an estimation of the slope gradient of the Ainsa and Jaca basins.  
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Chapter 4 describes the different facies associations related to SFDs observed 

in the Ainsa and Jaca basins.  

 

Chapter 5 focusses on descriptions of the likely SFDs and presents 

hydrodynamic interpretations of the outcrops of three contrasting deep-marine 

systems (submarine canyons/channels and related deposits) of the Ainsa Basin.  

 

Chapter 6 presents the description and hydrodynamic interpretation of the 

submarine lobes-and-related deposits of the Jaca Basin.  

 

Chapter 7 integrates the results of chapters 4, 5 and 6, with a comparative study 

of SFD distribution between the different types of depositional environments and 

between the Ainsa and Jaca basins. From this analysis, the different parameters 

identified as playing an important role in the distribution of SFDs in deep-marine 

systems, are discussed.  

 

Chapter 8 presents the recognition criteria of SFDs observed in the cores 

drilled in the Ainsa Basin (Ainsa System), and proposes an interpretation of the 

distribution of SFDs in core linked with their depositional environments.  

 

Chapter 9 is a summary of the overall conclusions of this study. Some 

proposals for future research work are also presented within this chapter. 

 

1.4 Sediment gravity flows (SGFs) and their deposits 

 

SGFs can be subdivided according to their rheological behaviour. Four types of SGFs 

are recognised: cohesive flows, inflated sandflows, concentrated density flows and 

turbidity currents (terminology in Pickering and Hiscott, 2016). Inflated sandflows, 

concentrated density flows and turbidity currents are frictional flows (Fig. 1.2). 

Cohesive flows can be subdivided into debris flows and mudflows. All four types of 

flows are capable of long-distance transport of particulate sediments into the deep-sea 

on relatively gentle slope (<5°).  



 
 

46 

 
Figure 1.2: Summary of flow characteristics, typical deposits, and grain-support 
mechanisms for cohesive and frictional (non-cohesive) SGFs, from Pickering and 
Hiscott (2016). 

 

1.4.1 Turbidity currents 

 

During the early 1950s, Heezen and Ewing (1952) were amongst the first to discover 

the existence of submarine turbidity currents, by linking the breaking of cables off the 

coast of Newfoundland with a turbidity current generated by the 1929 Grand Banks 

earthquake. By comparing time and distance, a first estimate of a turbidity-current 

velocity was given as up to 70 km/h (~20 m/s).  

As the submarine turbidity current concept developed, researchers began to 

consider the passage of turbidity currents down the continental slope, leading to the 

model of submarine "deltas", now referred to as submarine fans, where turbidity 

currents and others SGFs are dispersed in branching channels after leaving the 

confines of a submarine canyon (e.g., Kuenen, 1951). 

Initiation processes for turbidity currents are: (i) hyperpycnal flows from rivers 

and glacial meltwater (Heezen et al., 1964); (ii) very dilute river plumes combined 

with low-tide conditions (Hage et al., 2019); (iii) storm-generated flows near the shelf 
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edges (Normark and Piper, 1991); (iv) sand liquefaction triggered by storms, 

earthquakes or local failure (Seed and Lee, 1966; Andresen and Bjerrum, 1967); (v) 

erosion of the front of a moving debris flow (Talling et al. 2002), and from a debris 

flow undergoing a hydraulic jump (Weirich, 1988). Allocyclic mechanisms, such as 

climate (including eustasy) and tectonics control the sediment supply and basin 

configurations, and therefore, control the initiation processes of turbidity currents 

(Piper and Normark, 2009). 

Turbulence, is the support mechanism for turbidity currents (Fig. 1.3A). The 

concentration of solids in the lower part of a turbidity current is ~10% (Fig. 1.3B), and 

with greater concentrations, grain-to-grain interaction becomes important. 

Autosuspension is also an important mechanism, and helps the turbidity currents to 

self-maintenance through the slope channels. The turbulence generated by the flow 

keeps grains in suspension. This suspension maintains a density contrast with the 

overlying seawater allowing: continued flow, turbulence generation and effective 

grain suspension (Middleton, 1976; Eggenhuisen and McCaffrey, 2012). 

Typical turbidity deposits are composed of sandstone beds and mudstone caps. 

Studer (1827) introduced the term “flysch” for this type of deposit, although the 

depositional processes were then very poorly understood. While the understanding of 

“flysch” (synorogenic deposits) was improving, the term became associated with 

deep-water deposits (see Mutti et al. 2009 for a complete review of the concept of 

“turbidite”). Kuenen and Migliorini (1950) provided the first definition of a “turbidite” 

and showed that individual sandstone beds were the result of a single turbidity current. 

During the early 1960s, Bouma (1962) recognised five typical depositional intervals, 

within a single turbidite sandstone-shale couplet: (Ta) graded structureless interval; 

(Tb) parallel lamination; (Tc) current-ripple lamination; (Td) fine parallel lamination, 

and (Te) a mud-dominated interval (Fig. 1.4). Bouma (1962) suggested that the 

different intervals were due to a decrease of energy in the flow and a proximal-to-

distal segregation of the grain sizes within a turbidity current. The coarsest-grained 

fraction is concentrated at the head of the flow, and the finest-grained fraction is 

located at the tail; leading to an upward-fining grain size profile in the deposits. Most 

of the so-called turbidites do not show the entire Bouma sequence. 
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Figure 1.3: (A) Relative importance of particle-support mechanisms for the four types 
of SGFs Where orange and red symbols are superimposed, the support varies from 
significant to dominant. From Pickering and Hiscott (2016). (B) Approximate solids 
concentrations typical of SGFs, from Pickering and Hiscott (2016). Dashed lines show 
the possible extensions of sediment concentrations to lower and higher values than 
those deemed to be typical. Note the overlaps between different flow types, which 
result from the effects of flow stratification and different textures of the sediment load. 

 

Beds with a bipartite division into a relatively coarse (e.g., pebbly) lower and 

an overlying coarse-sandy upper part, that are otherwise structureless deposits, lacking 

the upper divisions of the Bouma sequence are interpreted as concentrated-density 

flow deposits (see Section 1.4.2). Beds showing only the upper divisions of the Bouma 

sequences (e.g., Tcd and Te) are commonly referred to as low-concentrations turbidity 

currents, also called mud-load turbidity currents (Stow and Bowen (1980); Stow and 

Shanmugam (1980); Stow and Piper (1984)). 
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Figure 1.4: Idealised sequence of sedimentary structures in a turbidite bed as defined 
by Bouma (1962). From Pickering and Hiscott (2016). 
 

 

The depositional structure of a turbidite reflects several parameters including, 

the flow concentration near the sediment bed and rate of deposition. The latter also 

depends on the flow competence (the ability of a flow to transport a certain grain size) 

and capacity (the volume and density of material actually being carried in a flow). 

Flow competence and capacity decrease when the flow velocity decreases (Hiscott, 

1994a). The flow velocity can decrease because of: (i) decreasing gradient at the base 

of a slope; (ii) flow divergence (flow expansion); (iii) increasing bed friction; (iv) 

increased particle interaction, and/or (v) decreasing flow density with deposition. The 

decrease in flow velocity, competence and capacity leads to a decrease in grain size 

and bed thickness from proximal to distal basin settings (Sadler, 1982). 
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1.4.2 Concentrated-density flows 

 

Concentrated-density flows, commonly referred to high-density turbidity currents, are 

mainly driven by grain collisions (Fig. 1.3A). The high concentration (~ 15-40%, fig. 

1.3B) is limited to the lower part of the flows, whereas higher up in the flow it is less 

dense and more turbulent (stratified flow).  

According to Mulder and Alexander (2001), depositional processes in a 

concentrated-density flow include: (i) rapid en masse deposition of a so-called “quick 

bed” due to an increase of interganular friction (Middleton, 1967); (ii) generation of 

inverse-grading at the base of the flow because of grain collisions and dispersive 

pressure; (iii) formation of spaced stratification (also called a traction carpet in this 

study) under unsteady flows (Hiscott and Middleton, 1980; Hiscott, 1994b; Sohn, 

1997); (iv) grain-by-grain deposition with little subsequent traction transport (Arnott 

and Hand, 1989); alternate deposition of bedload and suspended load (Walker, 1975), 

and (vi) deposition of mudclasts well above the base of the bed. It is possible for a 

single flow to undergo one or more transitions between a concentrated-density flow 

and a turbidity current, depending on the fluid turbulence and other mechanism in 

providing particle support (Kneller and Branney, 1995; Pickering and Hiscott, 2016). 

Field studies of concentrated-density flow deposits have revealed sedimentary 

structures not present in the Bouma sequence (1962) for turbidites. One of these is the 

traction carpets (or spaced stratification) (Hiscott, 1994b), generally 5–10 cm thick 

and inversely stratified. Sedimentary structures observed in concentrated-density flow 

deposits have been summarised by Hiscott and Middleton (1979) based on a study of 

214 medium- to coarse-grained sandstone beds, from submarine-fan deposits of the 

Tourelle Formation, Quebec, Canada. The base of such deposits can show scour-and-

fill structures, followed by rapid en masse deposition, producing either a structureless 

medium- to coarse-grained sand, or in the case of a highly unsteady flow, a division 

of spaced stratification. At the top of these beds, it has been argued that the 

decelerating dilute tail of the current produces a sequence of structures like the Bouma 

sequence (Pickering and Hiscott, 2016) (see Section 1.4.1). 
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1.4.3 Inflated sandflows 

 

Inflated sandflows are mainly driven by grain collisions and pore pressure or fluid 

escape (Fig. 1.3A). Their density ranges from ~ 40–70% by volume (Fig. 1.3B). Most 

of the volume of inflated sandflows is coarse silt or larger in size, and the bulk is sand. 

Variable amounts of gravel can also be present. Cohesion is minor and voids between 

particles are well connected. Mulder and Alexander (2001) explain that this facilitates 

the ingesting of seawater and therefore the transition of many inflated sandflows to 

concentrated-density flows. The high particle concentration does not permit selective 

deposition and the formation of lamination by traction transport (Pickering and 

Hiscott, 2016). Grain sorting cannot occur by differential settling of coarser and finer 

grains (Mulder and Alexander, 2001). In more muddy deposits, a minor but significant 

amount of cohesion might facilitate the development and preservation of shear 

laminae, banding, and deformation structures (Lowe et al., 2003). 

 

1.4.4 Cohesive flows 

 

Cohesive flows are characterised by a strong coherence (Marr et al., 2001) and are 

driven by the matrix strength (Fig. 1.3A). Mulder and Alexander (2001) distinguish 

between mudlfows and debris flows as mudflow deposits have <5% volume gravel 

and more mud than sand. Whereas, debris-flow deposits, commonly called debrites, 

consists of poorly sorted sediment (>5% volume gravel with variable sand proportion, 

Figure 1.3B). Debris-flow deposits may include boulder-sized clasts of soft sediment 

and/or rock. Cohesive-flow deposits, including debrites, are poorly sorted, lack 

distinct internal layering, have a poorly developed clast fabric (Lindsay, 1968; Aksu, 

1984; Hiscott and James, 1985), and irregular mounded tops and margins. 

Due to the lack of criteria to recognise SFDs in cohesive-flow deposits, such 

as debrites, only relatively more dilute SGFs, such as inflated sandflows, concentrated 

density flows, and turbidity currents are considered in this study. 
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1.5 Descriptive facies classification 

 

In this thesis, the facies classification scheme of Pickering and Hiscott (2016) is used 

to describe the different outcrops observed in the Ainsa and Jaca basins. This section 

aims to briefly introduce this facies classification.  

The term “facies” defines a body of sedimentary rock, or sediments, with 

specific physical, chemical and biological characteristics. For SGF deposits, 

individual facies corresponds to a single flow deposit. The Pickering and Hiscott 

(2016) classification scheme is built using different criteria such as bedding style, bed 

thickness, sedimentary structures, composition and texture. Bed thicknesses are based 

on Ingram’s criteria (1954):  

- Laminae, < 1 cm; 

- Very thin beds, 1–3 cm; 

- Thin beds, 3–10 cm; 

- Medium beds, 10–30 cm; 

- Thick beds, 30–100 cm; 

- Very thick beds, > 100 cm.  

The Pickering and Hiscott (2016) facies scheme is divided into 7 facies classes 

(Fig. 1.5; Table 1.1). This classification is hierarchical. Facies classes (Facies Class 

A-G) are divided into two or more facies groups (disorganised and organised facies 

groups, A1, A2, etc), each of which are further subdivided into constituent facies. This 

facies classification can be summarised as:  

- Facies Class A: gravels, muddy gravels, gravelly muds, pebbly sands, >5% 

gravel grade. 

- Facies Class B: Sands, > 80% sand grade, <5% pebble grade. 

- Facies Class C: Sand-mud couplets and muddy sand, 20–80% sand grade, 

<80% mud grade (mostly silt). 

- Facies Class D: Silts, silty muds, and silt-mud couplets, >80% mud, >40% 

silt, 0–20% sand. 

- Facies Class E: >95% mud grade, <40%silt grade, <5% sand and coarser 

grade, <25% biogenics. 

- Facies Class F: Chaotic deposits 
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- Facies Class G: Biogenic oozes (>75% biogenics), muddy oozes (50-75% 

biogenics), biogenic muds (25-50% biogenics) and chemogenic sediments, 

<5% terrigenous sand and gravel.  

More detailed about the Facies Group and individual facies are provided in 

Figure 1.5 and Table 1.1. In this study, SFDs are mostly associated with Facies Group 

B2 related to concentrated density-flow deposits showing cross lamination (Facies 

B2.2) and traction carpets deposits (Facies B2.1). They are also related to Facies 

Group C2, defining turbidites and related sedimentary structures.  
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Figure 1.5: Summary of facies scheme from Pickering and Hiscott (2016). 
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Table 1.1: Facies classes, facies groups and individual facies from the facies 
classification scheme of Pickering and Hiscott (2016). 
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1.6 Supercritical flow versus subcritical flow 

 

Flows are considered to be under supercritical conditions, when the ratio between the 

flow velocity and thickness exceeds a threshold as defined by the Froude number (Fr). 

In subaqueous SGFs, the Fr number is expressed by the densimetric Frd number (Yih 

and Guda, 1955; Komar, 1971), which takes into account the density contrast between 

the underflow and ambient water as described by: 

 

 

Equation 1 
 
where U is the flow velocity (m s-1), rflow and ramb are the densities of the flow (kg m-

3) and ambient water (kg m-3), respectively, h is the flow depth (m), and g is the 

acceleration due to gravity (m s-2). Throughout this thesis, for simplicity the 

densimetric Frd number is simply referred to as Fr number. Flows where Fr > 1 are 

supercritical. Flows where Fr < 1 are subcritical.  

SGFs are more likely to have higher Fr than subaerial flows due to a lower 

density contrast between flow and ambient medium densities. Therefore, SGFs are 

more likely to form supercritical-flow bedforms. Menard (1964) was the first to 

recognise that turbidity currents might go through supercritical-flow conditions while 

travelling downslope. The first assumption of hydrodynamical behaviour of a turbidity 

current is that, it is erosive and supercritical upstream of the slope. Downstream of the 

slope, a turbidity current is depositional and subcritical, with a hydraulic jump at the 

canyon-fan transition. 

 

1.6.1 Numerical modelling and flume experiment for supercritical-flow analysis 

 

Based on the assumption that submarine turbidity currents exist, Komar (1971), using 

numerical modelling, was amongst the first to model flow conditions, particularly the 

effect of a hydraulic jump on a flow and the resulting deposits. Komar (1971) also 
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stated that turbidity currents should be supercritical for a slope >0.5°. From this study, 

many researchers started to focus on the recognition criteria for SFDs, using numerical 

modelling for different flow parameters that create supercritical-flow bedforms (e.g., 

Kostic and Parker, 2006; Cartigny et al., 2011; Vellinga et al., 2017), and flume-tank 

experiments (e.g., Garcia and Parker, 1989; Alexander et al., 2001; Cartigny et al., 

2014).  

Table 1.2 lists key publications that have led to an improved understanding of 

density flows and their deposits using numerical modelling. Publications which use 

numerical modelling and relevant to this study include: Komar (1985); Bridge (1997); 

Fagherazzi and Sun (2003); Kostic and Parker (2007); Kostic et al. (2010), and Kostic 

(2014). 

 

Laboratory flume-tank experiments provide another approach commonly used 

to observe and analyse supercritical flows and associated deposits. Flume-tank 

experiments allow for sediment transport processes to be directly observed and 

measured, as well as linking the depositional processes and bed characteristics. Jopling 

and Richardson (1966) were amongst the first to analyse the “backset bedding”, 

formed under supercritical-flow conditions using flume-tank experiments. Alexander 

et al. (2001) and Cartigny et al. (2014) contributed to a better understanding of SFDs 

by describing the internal architecture of four types of supercritical-flow bedforms, 

observed in flume-tank experiments.  

Different types of flume tank can be used depending on which processes or 

deposits are analysed. For example, re-circulating flume experiments are used to 

analyse flow structure (Baas et al., 2009). Whereas an analysis of deposit types is 

commonly made using an annular flume, where it is possible to generate a fast, 

prolonged and highly turbulent flow (Sumner et al., 2008).  

A list of the key publications on the improvement of understanding the 

morphodynamics of supercritical-flow bedforms and their internal architecture using 

flume-tank experiment is provided in Table 1.3. Publications using flume-tank 

experiments that have proved useful in this study include: Bennett and Bridge (1995); 

Postma et al. (2008); Macdonald et al. (2009); Yokokawa et al. (2010); Cartigny et 

al. (2011, 2013); Baas et al. (2016), and De Leeuw et al. (2018). 
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Talling et al. (2012) have stressed that caution is necessary when, comparing 

supercritical-flow bedforms obtained using numerical modelling and flume 

experiments, to field-based observations. As, scaling up models, both numerical and 

experimental may not be representative of field-scale observations. Flow processes in 

laboratory experiments may not necessarily occur in natural submarine density flows. 

Therefore, comparisons between flume-experiment deposits and outcrops remains 

challenging.  
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Table 1.2: Methods, objectives and results of key publications that use numerical 
modelling to characterise and improve the understanding of the density flow 
hydrodynamics and morphodynamics used in this study. 
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Table 1.3: Methods, objectives and results of key publications that used flume-tank 
experiments to improve the understanding of formation of supercritical-flow bedforms 
and their internal architecture. 
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1.6.2 Direct observations of active (modern) deep-water systems 

 

Observations of active deep-water systems, are helpful for improving the 

identification of supercritical-flow bedforms along with their wavelengths and internal 

architecture. Submarine-flow parameters, however, are difficult to obtain because 

submarine flows require complex and robust monitoring equipment, the SGFs are 

unpredictable, and commonly destroy monitoring equipment. Cable breaks were first 

used to calculate submarine flow velocities, for the 1929 Grand Banks earthquake 

event (Heezen and Ewing, 1952, 1955; Piper et al., 1999), the 1956 event off Algeria 

(Heezen and Ewing, 1955), the 1979 Nice Airport event (Piper and Savoye, 1993), 

and flows offshore southern Taiwan (Hsü et al., 2008). 

Weirich (1988) was one of the first researchers to undertake direct 

measurement of flow parameters for density flows. Weirich (1988) led experiments in 

the San Dimas reservoir (California, USA) where intense rainfall resulted in high 

sediment yields. Large concrete flumes were installed to provide continuous 

measurements of flow discharge and a new type of density sensor was designed to 

continuously monitor the concentration of sediment within the flows. From these first 

sets of data, ground-breaking observations were made of hydraulic jumps in density 

flows.  

Improvements of technology and data acquisition, allowed Howe (1996) to 

observe two types of sediments waves using high-resolution seismic-reflection 

profiles and shallow gravity core data. One formed by turbidity currents and the other 

formed by contour currents, in the Northern Trough (North Atlantic Ocean). A 

combination of different observation techniques, such as high-resolution seismic-

reflection profiles, echo-sounder profile, high-resolution side-scan imagery and cores, 

have allowed the identification of sediment waves and their internal architecture in the 

Var Sedimentary Ridge (SE France) (Migeon et al. (2001)).  

The evolution of data acquisition techniques, such as new mapping and 

imaging techniques, ranging from deep-tow geophysical surveys of small areas to fan-

wide long-range sidescan imagery and multibeam bathymetry, have permitted an 

improved understanding of different processes involved in the evolution of the 

seafloor geomorphology. Doppler current profilers mounted on an autonomous 

underwater vehicle (AUV) were used in the Black Sea to study flow parameters within 
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hydraulic jumps (flow expansion, recirculation, grain-size sorting and segregation in 

stratified SGFs) (Dorell et al., 2016). Crescentic bedforms, their evolution on the 

seafloor and internal architecture were observed and analysed in the Squamish 

prodelta, British Columbia, Canada (Hughes Clarke, 2016; Hage et al., 2018), and in 

the fjord-lakes Pentecôte, Walker and Pasteur, eastern Quebec, Canada (Normandeau 

et al., 2016). Recently, Azpiroz et al. (2017) directly measured flow velocities and 

densities within turbidity currents from week-long flows in the Congo Canyon. 

 

The Monterey Canyon Case Study: 

 

The Monterey Canyon is one of the most studied modern (active) deep-marine 

systems. Normark et al. (1980) were amongst the first to identify sediment waves and 

their architecture. Based on the observation of wavelength and an estimation of the 

flow velocity, they provided a first approximation of the flow parameters (flow 

velocity and concentration), using detailed bathymetric maps of sediment waves, 

seismic-reflection profiles and core samples. The improvement of technologies 

allowed Fildani and Normark (2004) to propose a new interpretation of the 

depositional history of Monterey Fan based on seismic-reflection profiles, side-

looking sonar images, multibeam bathymetric data, deep-tow side-scan images, piston 

cores and outcrop samples obtained by a manned submersible. Recently, using 

multibeam mapping, seismic-reflection profiles, side-scan images and sediment core 

samples of the large scours eroding the levees of the Monterey Canyon, Fildani et al. 

(2006) interpreted the first active complex of cyclic steps (Fig. 1.6) (see Section 

1.6.4.4 below for explanation). They suggested that cyclic steps might be the first step 

in channel initiation. Paul et al. (2010), using long-term monitoring, analysed the 

movement of these crescentic bedforms and used vibro-coring to study their internal 

architecture. Covault et al. (2014) developed the hypothesis of the crescentic bedforms 

as cyclic steps deposits by combining observation of the geomorphology (acoustic 

image of submarine canyons and channels) with numerical modelling. 

Recently, a large array of sensors was installed on the seafloor to measure the 

occurrence of SGFs, current velocities, sediment concentrations, particle sizes, water 

temperature, salinity, turbidity and oxygen concentrations (Paull et al., 2018). Paull et 

al. (2018) also used benthic event detectors in the canyon floor, commonly called a 

smart boulder that can be carried down-canyon along with SGFs, recording the 
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detailed movements of the sediment. Paull et al. (2018) presented the first results of 

18 months monitoring, and provided detailed anatomy and timing of turbidity currents 

and how they evolved over a distance of ~50 km. They also observed that turbidity 

currents are not necessarily linked with major perturbations such as storms, floods or 

earthquakes. 

 

1.6.3 Hydraulic jumps 

 

Hydraulic jumps are produced at the transition between supercritical and subcritical 

flows. Research on hydraulic jumps has relied on numerical modelling and flume-tank 

experiments. Generally, such approaches are combined in order to better constrain any 

flow and depositional model. 

Menard (1964) analysed the channel morphologies at the mouth of submarine 

canyons, and observed that the thickness of a flow increases downstream. Menard 

(1964) interpreted this thickening to be the result of the turbidity current undergoing 

a hydraulic jump. This was the first interpretation that turbidity currents should be 

supercritical throughout the proximal parts of a submarine system (canyon and 

proximal channels). Komar (1971) showed that a hydraulic jump is produced at the 

break-of-slope between a submarine canyon and submarine fan. Komar (1971) 

considered the flow properties in a turbidity current during a hydraulic jump, such as 

an increase in flow thickness, a decrease in flow velocity, and a reduction in density 

of a turbidity current. Garcia and Parker (1989), using flume experiments, emphasised 

the fact that a hydraulic jump is produced at the break-of-slope and observed that most 

of the bedload is dropped immediately downstream of such a jump. Kostic and Parker 

(2006), also using flume experiments and numerical modelling, analysed the 

conditions under which a hydraulic jump is produced (or not) at the break of slope. 

Kostic and Parker (2006) concluded that if the horizontal domain of the tank is too 

short (corresponding to the submarine fan area), or if sediments are too coarse, 

hydraulic jump does not occur. Experiments have shown that the geometric 

configuration of hydraulic jumps will vary with the Fr (Bradley & Peterka, 1955; 

Chow, 1959; Lennon & Hill, 2006).  
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Figure 1.6: Relief image constructed from multibeam bathymetric data showing 
candidate cyclic steps eroding the levées of the Monterey Canyon/Channel. From 
Fildani et al. (2006). 
 

 

Cartigny et al. (2014) summarised the different geometries of a hydraulic jump 

according to the Fr, from a weak and undular jump for the lowest Fr, to the stronger 

and submerged jump for the highest Fr. 

Field measurements of hydraulic jumps in natural SGFs are rare. Weirich 

(1988) was one of the first to observe evidence for hydraulic jumps in presently active 

subaqueous SGFs in the San Dimas reservoir, California. Weirich (1988) observed 

that during a hydraulic jump, there is a conversion of higher-density debris flows into 

lower-density turbidity currents. The first direct measurement of a hydraulic jump in 

a submarine current was observed in the Bosphorus Strait (Black Sea) (Sumner et al. 

(2013)). Sumner et al. (2013) showed that the observed hydraulic jumps are in phase 

with scours observed on the seafloor. 

  In subaqueous or submerged flows, hydraulic jumps have been linked 

to a wide range of processes such as: erosion and scour generation; bedform formation 

(scour-and-fill structures), and/or flow mixing and changes in sediment distribution 

(Wynn et al. 2002; Cartigny et al. 2011, 2014; Sumner et al. 2013; Macdonald et al. 

2011; Hofstra et al. 2015; Symons et al. 2016). Trains of hydraulic jumps produced 
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within an unsteady flow can lead to two types of supercritical bedforms: chutes-and-

pools and cyclic steps (Waltham, 2004; Kostic and Parker, 2006; Spinewine et al. 

2009; Kostic et al. 2010; Cartigny et al. 2011; Kostic, 2011; Sumner et al. 2013). 

 

1.6.4 Supercritical-flow bedforms 

 

Under supercritical-flow conditions, a wide variety of bedforms are created (Gilbert, 

1914; Simons et al., 1965; Allen, 1982). 

 

1.6.4.1 Stable antidunes / in-phase waves 
 

Stable antidunes correspond to a supercritical-flow bedform with the lowest Fr. They 

are bedforms geometrically in-phase with non-breaking surface waves. Although 

stable antidunes can migrate downstream (Carling and Shvidchenko, 2002), most 

often antidunes migrate upstream, dependent upon flow energy and grain size (Fig. 

1.7A) (Gilbert, 1914; Kennedy, 1961; Middleton, 1965; Simons et al., 1965; Hand, 

1974; Langford and Bracken, 1987; Alexander and Fielding, 1997; Alexander et al., 

2001; Carling and Schvidchenko, 2002; Yokokawa et al., 2010). Cartigny et al. (2014) 

and Alexander et al. (2001) analysed the geometry and the internal architecture of 

these structures using flume-tank experiments. Cartigny et al. (2014) and Alexander 

et al. (2001) described the resulting deposits as stacked lamina sets with subhorizontal 

to gently inclined boundaries. Internally, they observed subhorizontal to low-angle 

backset laminae. Normark et al. (1980) were amongst the first to observe and interpret 

some sandwaves in the Monterey Fan as antidune structures. 

In the rock record, deposits of stable antidunes are characterised by wavy 

bedforms with sinusoidal stratification (Hiscott and Middleton, 1979; Russell and 

Arnott, 2003; Lang and Winsemann, 2013; Slootman et al., 2016), and may resemble 

hummocky cross-stratification (Walker, 1967; Yagishita, 1994; Mulder et al., 2009). 
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Figure 1.7: A representative overview of the four supercritical bedforms with their 
associated internal architecture. (A) Stable antidunes. (B) Unstable antidunes. (C) 
Chutes-and-pools. (D). Cyclic steps. Modified from Cartigny et al. (2014). 
 

 
1.6.4.2 Unstable antidunes / breaking antidunes 
 

At high Fr, in-phase relationships exist between the bed and free surface. As surface 

waves start to steepen and break (Fig. 1.7B) (Cartigny et al., 2014), they form a 

bedform referred to as an "unstable antidune" (Simons and Richardson, 1966). This 

breaking wave leads to cyclic destruction and regeneration of upstream-inclined 

antidune bedforms (Gilbert, 1914; Kennedy, 1961; Middleton, 1965; Guy et al., 1966; 

Blair, 1987; Langford & Bracken, 1987). 

In contrast to the more continuous lamina sets observed for the stable 

antidunes, deposits from unstable antidunes consist of discontinuous lenticular beds 

with variable internal architecture varying from backset to low-angle foresets (Hand, 

1974; Middleton, 1965; Alexander et al., 2001; Cartigny et al., 2014). The variability 

of the dip of laminae can be explained by the upstream migration of a flow surge. 

Depending upon how far the flow surge migrates upflow, sediments are deposited 

either on the stoss side of the antidune, forming mainly backset bedding, or on the lee 

side of the adjacent antidune forming low-angle foresets. The flow surge will migrate 

upflow until some optimal position where it will decrease in velocity and amplitude, 

and sediments start to settle, allowing a downstream flush of the flow surge, causing 

a restoration of the supercritical flow (Cartigny et al., 2014). 

In outcrop, unstable antidunes have been characterised as gently dipping 

backsets and foresets with common internal truncations (Hand, 1974; Lang and 

Winsemann, 2013; Lang et al., 2017a). The wavelength of preserved antidune deposits 

range from few decimetres to several tens of metres (Blair, 1987; Winsemann et al., 

2011; Lang and Winsemann, 2013; Lang et al., 2017a). 
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1.6.4.3 Chutes-and-pools 
 

Chutes-and-pools are formed at even greater Fr. Chutes-and-pools comprise regions 

of flow acceleration (chutes) ending in a hydraulic jump forming a pool where the 

flow is subcritical, but accelerating towards the next chute (Fig. 1.7C) (Simons et al., 

1965). Chutes-and-pools have been observed to migrate upstream (Simons et al., 

1965; Guy et al., 1966; Jopling and Richardson, 1966; Allen, 1982). The internal 

architecture, chutes-and-pools are composed of lenticular sets and structureless sand 

with variability in the dip of internal laminae (Cartigny et al., 2014; Alexander et al., 

2001). Compared to an antidune, during the formation of the chutes-and-pools, the 

upstream-migrating flow surge decelerates and forms a stationary hydraulic jump. 

Downstream to the hydraulic jump, thick lenticular beds are formed, which are 

internally structureless. Lenses are mainly formed by backset lamination. Due to local 

depositional aggradation, a flow is forced to re-accelerate, reworking the top of the 

lenses into foreset laminae, thereby explaining the variability in the dip of laminae 

(Cartigny et al., 2014). Chute-and-pool deposits are poorly described in outcrop due 

to their poor potential for preservation. To preserve chute-and-pool deposits, flows 

need to have a high aggradation rate. Chute-and-pool deposits were first described in 

outcrop in fluvial settings by Fralick (1999) as scours infilled by backset laminae. 

Later, Fielding (2006) also described chute-and-pools deposits in fluvial sandstones 

as backset lamination infilling an upstream-dipping erosion surface. Chute-and-pool 

deposits have also been described in a glaciogenic subaqueous fan as lenticular scours 

filled by backset-cross stratified granule- and pebbly sands (Lang et al., 2017b). Until 

now, chute-and-pool deposits have not been described from ancient deep-marine 

outcrops. 

 

1.6.4.4 Cyclic steps 
 

Cyclic steps are bedforms that are generated at the highest Fr. They are similar in 

architecture to chutes-and-pools and consist of slowly migrating-upstream crescentic-

shaped steps. Each step is bounded by a hydraulic jump and composed of a steeply 

dipping lee side (Fr supercritical) and a gently dipping stoss side (Fr subcritical) (Fig. 

1.7.D) (Winterwerp et al., 1992; Parker, 1996; Kostic et al., 2010; Cartigny et al., 

2011, 2014).  
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Jorritsma (1973) was the first to observe the formation of a train of upslope-

migrating cyclic steps in a flume tank. Mastbergen (1989) and Kostic and Parker 

(2006) used a numerical approach to model the cyclic steps formed by subaqueous 

flows. Cyclic steps have commonly been observed in presently active deep-water 

systems (Migeon et al., 2001; Hughes Clarke et al., 2012; Zhong et al., 2015; Symons 

et al., 2016). 

Upstream-migrating bedforms observed in the presently active Squamish 

prodelta have been interpreted as cyclic steps (Hughes Clarke et al., 2016; Hage et al., 

2018). Scours filled by structureless sand have also been observed and interpreted as 

cyclic-step deposits in the Monterey Canyon (Fildani et al., 2006; Paull et al., 2010). 

Fildani et al. (2006), observed active cyclic steps eroding and incising the levées of 

the Monterey Channel (Fig. 1.6). This process can eventually lead to a major channel 

avulsion, and in future, the Monterey East System may become the main conduit of 

the Monterey Fan. Similar processes have been observed in the Eel Canyon, California 

(Lamb et al., 2008), and in the San Mateo Canyon, California (Covault et al., 2014). 

Cyclic steps (hundreds of metres to kilometres in downstream length) are amongst the 

most common supercritical-flow bedforms observed on the modern seafloor, with a 

large range of grain sizes (Fildani et al., 2006; Lamb et al., 2008; Paull et al., 2010; 

Hughes Clarke et al., 2012; Covault et al., 2014, 2016; Paull et al., 2018). 

In the rock record, deposits of cyclic steps appear to consist of upflow-dipping 

backsets, deposited on the stoss side of the bedform and onlap the erosional bed 

boundary (Kostic and Parker, 2006; Cartigny et al., 2011, 2014; Postma and Cartigny, 

2014; Postma et al., 2016). Scours filled by structureless sand have also been observed 

and interpreted as cyclic-step deposits in the Monterey Canyon (Fildani et al., 2006; 

Paull et al., 2010), and in the Squamish Delta, British Columbia (Hage et al., 2018). 

 

1.6.5 Supercritical-flow sedimentary structures 

 

Small-scale structures should provide reliable criteria to identify SFDs. Sedimentary 

structures can be part of the internal architecture of supercritical-flow bedforms or 

they can be located randomly within graded beds, relating to flow instability. 

1.6.5.1 Backset lamination 
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Jopling and Richardson (1966), using flume-tank experiments, made the association 

between backset bedding and supercritical-flow conditions. Backset beds are 

commonly associated with upstream-migrating bedforms such as antidunes (Power, 

1961; Middleton, 1965; Normark et al., 1980; Davis, 1980). Such upstream-migrating 

bedforms are formed under supercritical-flow conditions. Backset lamination can also 

be linked to scour-and-fill processes (Massari, 1996). In most cases, upflow-cross 

lamination appears below the Tb division (Walker, 1965). 

 

1.6.5.2 Planar-parallel lamination 
 

There is considerable disagreement amongst researchers about the flow conditions 

under which planar-parallel lamination forms, i.e., supercritical-flow versus 

subcritical-flow conditions. Regarding upper-flow regime, plane beds can be found in 

two supercritical-flow bedforms: first very-low amplitude bedforms (in-phase bed), or 

second, in plane bed under slow aggradation rates (Allen, 1984; Paola et al., 1989; 

Cheel, 1990). Another explanation is that horizontal lamination is developed only if 

there is bottom traction (Kuenen, 1966), which implies formation under supercritical-

flow conditions. Skipper (1971) and Walker (1965) showed that upper plane beds 

observed in the Tb division of the Bouma sequence are formed under supercritical-

flow conditions. Fielding (2006) proposed that upper plane beds with a grain size from 

very fine- to medium-grained sand are formed under supercritical-flow conditions.  

 

1.6.5.3 Traction carpets in supercritical-flow bedforms  
 
Traction carpet deposits include spaced lamination, which are horizontal banded 

inversely- graded intervals. According to Postma et al. (2009), as long as the sediment 

fall-out rate is sufficiently high, traction carpets can develop. Traction carpets can be 

formed under (i) subcritical-flow conditions leading to “near horizontal” traction 

carpet, or (ii) supercritical-flow conditions depositing traction carpet in large 

antidunes. The association of structureless bedforms and spaced stratification may 

represent large-scale supercritical-flow bedforms (Cartigny et al., 2014). 



 
 

70 



 
 

71 

 
 

 

Chapter 2  
 

 

METHODOLOGY 
 

 

 

2.1 Introduction 

 

This chapter presents the different methodologies used during this PhD project 

research. Eleven months of fieldwork in the Ainsa and Jaca basins were undertaken, 

together with detailed laboratory analysis of seven cores drilled in the Ainsa System 

(Ainsa Basin). The methods employed are outlined below (Fig. 2.1): 

 

(1) To identify recognition criteria of SFDs in deep-marine deposits of the Ainsa and 

Jaca basins (Chapter 4), two types of techniques were used: (i) detailed description of 

bedforms, and (ii) the use of a drone to analyse the lateral variation of bedforms. 

 

(2) In order to characterise a deep-marine environment based on its SFD content, 

detailed sedimentary logging, recording of bed-thickness, facies classes (Pickering 

and Hiscott, 2016), sedimentary structures and grain-size variation were undertaken. 

Each detailed sedimentary were measured in different depositional environments, 

from channel axis to channel levée-overbank in the submarine canyon/channels of the 

Ainsa Basin. In the Jaca Basin, observations were made from the lobe axis to lobe 

distal fringe in the Jaca Basin. Qualitative analysis, based on the recognition criteria 

of SFDs (Chapter 4), each sedimentary log was characterised by the abundance of 

different type of SFDs and then compared with its associated depositional 

environment (Chapter 5–Ainsa Basin; Chapter 6–Jaca Basin). 
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(3) To identify the main parameters controlling the distribution of SFDs, the 

percentage of SFDs for each detailed sedimentary log was calculated, based on the 

recognition criteria of SFDs described in Chapter 4. Percentages of SFDs were then 

compared with the depositional environments at three different scales as described in 

Chapter 1 – Section 1.2 and, these are discussed in Chapter 7. 

 

(4) Two types of analysis were undertaken in order to analyse SFDs in core. First, 65 

sections of cores were analysed using a binocular microscope, in order to observe and 

measure grain-size, sedimentary-structures and characterise recognition criteria for 

SFDs in the core. Secondly, high-resolution core pictures were used to analyse the 

distribution of SFDs throughout the seven wells (Chapter 8). 
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Figure 2.1: Workflow of the methodology adopted in this PhD project. Numbers 1 
to 4 refer to the different research objectives of this PhD thesis and are described in 
the introduction. 



 
 

74 

2.2 Topography of the study area 

 

2.2.1 The Ainsa Basin 

 

The study area of the Ainsa Basin extends from the village of San Vicente in the north, 

to Morillo Village in the south, and from the village of Gerbe in the east to Boltaña in 

the west (Fig. 2.2). In the Ainsa Basin, the area is dominated by vegetated ridges which 

contain coarse-grained sandbodies (fans). Ridges are separated by incised valleys 

composed of fine-grained (mudrock-dominated) sediments (Fig. 2.3). The elevation 

within the Ainsa Basin varies from 500-1,300 m above sea level. Outcrops are 

accessible in roads, tracks, quarries and river sections, such as the Rio Cinca and Rio 

Ara. Also, "badland" topography means that there are many outcrops in fields, woods 

and hillsides. 
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Figure 2.2: Geographic location of the two study areas, e.g., the Ainsa and Jaca basins. 
See figures 5.1, 6.1, 6.8, 6.15 and 6.21 for detailed maps.  
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2.2.2 The Jaca Basin 

 

The study area of the Jaca Basin is an east-to-west trending elongate sedimentary basin 

from the town of Broto in the east, to the village of Burgui in the west (Fig. 2.2). The 

elevation in the Jaca Basin ranges from 600-1,400 m above sea level. As in the Ainsa 

Basin, the area is dominated by vegetated ridges that are formed of coarse-grained 

sandbodies (mainly lobe-and-related sandy deposits) that are more resistant to 

weathering compared with the fine-grained intervals (Fig. 2.4A). Valleys between the 

sandbodies consist of mostly fine-grained mudrocks/marlstones. Intervals of mainly 

fine-grained sediments include thinner and coarse-grained sandbodies that can 

cumulatively form sandbodies which are thicker and more abundant than in the Ainsa 

Basin. The visual distinction between sandbodies and inter-sandbody deposits in the 

Jaca Basin is less obvious than in the Ainsa Basin. A single, discrete, sandy fan in the 

Ainsa Basin may correspond with several stacked lobe packages in the Jaca Basin. 

Locally in the Jaca Basin, the sandbodies and finer-grained sections are interrupted by 

prominent ridges such as carbonate megabeds (megaturbidites) (Fig. 2.4B). 

 

 
Figure 2.3: Image of coarse-grained sandbody of the Ainsa III Fan above fine-grained 
interfan sediments (marlstones), northern outskirts of the town of Boltaña. 
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Figure 2.4: (A) Image of representative coarse-grained sandbodies of the Broto fans, 
separated by finer-grained marlstones, north of the town of Broto. (B) Example of 
prominent ridge formed by a carbonate megaturbidite (MT-5), near Ansó Village. 
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2.3 Description of supercritical-flow bedforms 

 

Recognition criteria for SFDs in the field are based on a thorough literature review for 

the description and formation of supercritical-flow bedforms. The literature review 

focussed on supercritical-flow bedforms described using various techniques such as 

numerical modelling and flume-tank experiments (section 1.6.1), but also from direct 

observation on the modern seafloor (section 1.6.2). The different recognition criteria 

defined by numerical modelling, flume-tank experiments or observations on the 

modern seafloor were summarised for each defined type of supercritical-flow 

bedform, including the type of sedimentary structures, presence or absence of an 

erosive base, wavelength, the relative grain-size and bed thickness variation. The 

different recognition criteria for SFDs as defined in the literature review, was applied 

to the outcrops in the Ainsa and Jaca basins. Because numerical models and flume-

tank experiments tend to use a specific grain size or grain-size distribution, in this 

thesis only the relative grain-size distribution was compared. A similar issue arose 

regarding the bed thickness, i.e., only the relative bed-thickness variations between 

the bed thickness of SFDs obtained from flume-tank experiments and numerical 

modelling, and the bed thickness of SFDs observed in outcrops in the Ainsa and Jaca 

basins were compared. 

For each bedform interpreted as formed under supercritical-flow conditions, 

the vertical and lateral variation in bed thickness and grain-size, as well as the variation 

of sedimentary structures, was recorded. The internal grain-size and grain-mineral 

composition variation between the lamina was recorded using a hand lens. Where 

outcrops were suitable, the lateral extent (including any thickness changes) of the 

bedform/s was recorded. The variation in wavelength and lateral extent of lenticular 

bedforms was also reported. For each candidate supercritical-flow bedform, the 

palaeoflow directions were measured, based on the orientation of sole structures (flute 

casts, groove casts), current ripples, and clast imbrication. 

Integrating all of the above field descriptions and measurements of the 

interpreted supercritical-flow bedforms of many outcrops in the Ainsa and Jaca basins, 

facies associations related to SFDs, were defined (Chapter 4). 

 

 



 
 

79 

2.4 Drone deployment 

 

The Ainsa Basin contains seismic-scale outcrops, but many of these outcrops are 

inaccessible. In order to collect high-resolution images of such cliff exposures, a drone 

was deployed. The drone is a DJI T600 Inspire 1 quadcopter with a 4K camera, and 

with excellent image stability and high-resolution images and videos. The drone 

required two controllers, with one person flying the drone and another capturing 

pictures or videos whilst controlling the image quality. 

Several ridges in the Ainsa Basin were recorded using the drone images, 

making it possible to describe the lateral variation of candidate supercritical-flow 

bedforms. For example, using the drone proved it possible to describe the ridge of the 

Ainsa II Fan (>2 km long) with metre-scale erosion surfaces (section 5.4.4), something 

that has never been achieved before for these cliff sections. Table 2.1 lists the cliff 

sections from which drone footage was collected from. 

 

 

 

 
Table 2.1: Location description of the different cliff sections observed with drone 
videos and pictures in the Ainsa Basin. 
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2.5 Sedimentary logging 

 

Sedimentary logging is the most widely applied technique to display the character of 

sedimentary successions and to collect information in the field. For this research 

project, many sedimentary logs and their associated depositional environments were 

already described and interpreted by previous UCL-based researchers. A summary of 

the environmental interpretations adopted throughout much of this thesis can be found 

in Pickering and Bayliss (2009) and the Earth-Science Reviews Special Issue, volume 

144, 2015 (Deep-marine systems, Eocene Upper Hecho Group, Ainsa Basin, Spanish 

Pyrenees), and references therein. Based on these large datasets, it has been possible 

to select appropriate sections and interpret depositional environments to supplement 

the pre-existing datasets with additional (new) sedimentary logs and to record the 

sedimentary characteristics for evaluation in term of flow dynamics. 

For this PhD research project an extensive dataset of sedimentary logs were 

compiled in the Ainsa Basin, with 25 new detailed sedimentary logs measured in 

contrasting submarine-fan and related environments (e.g., channel-axis, channel-

margin and levée-overbank settings). An additional, 25 new detailed sedimentary logs 

were made in various lobe-and-related deposits from proximal to the distal parts of the 

Jaca Basin. In total, more than 7,500 beds were documented in the Ainsa Basin and 

more than 9,400 beds in the Jaca Basin. 

These detailed bed-by-bed sedimentary logs were measured in accessible 

outcrops (above). In this thesis, the terminology and definitions used for various types 

of SGFs and their deposits are those of Pickering and Hiscott (2016). For each 

sedimentary log, the bed thickness, grain size (classification scheme of Wentworth, 

1922), sedimentary structures, and facies (facies classification scheme of Pickering et 

al., 1986, modified in Pickering and Hiscott, 2016) were recorded at a centimetre-

scale. Palaeoflow was also measured (sole structures such as flute casts and groove 

casts, current ripples, and clast imbrication) as part of the detailed sedimentary 

logging. Measured sections were located within the Ainsa and Jaca basins using GPS 

locations taken at the base of each section. Tables 2.2, 2.3, and 2.4 list the sections 

measured in the Gerbe, Banastón and Ainsa systems of the Ainsa Basin, respectively. 

Tables 2.5, 2.6, 2.7 and 2.8 list the sections measured in the Broto, Cotefablo, 

Banastón and Jaca systems, in the Jaca basins respectively. 
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Table 2.2: List of the measured sections in the Gerbe System, Ainsa Basin. 
 
 
 

 
Table 2.3: List of the measured sections in the Banastón System, Ainsa Basin. 
                

 

 

 
Table 2.4: List of the measured sections in the Ainsa System, Ainsa Basin. 
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Table 2.5: List of the measured sections in the Broto System, Jaca Basin. 
 

 

 
Table 2.6: List of the measured sections in the Cotefablo System, Jaca Basin. 
 

 

 
Table 2.7: List of the measured sections in the Banastón System, Jaca Basin. 
 

 

 
Table 2.8: List of the measured sections in the Jaca System, Jaca Basin. 
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2.6 Mapping of the depositional environments in the Jaca Basin 

 

To link the depositional environments with the proportion of SFDs, it was necessary 

to improve the existing published maps of the Jaca Basin. Indeed, the Jaca Basin is 

less studied than the Ainsa Basin, and the detailed depositional environments such as 

the lobe-axis, off-axis, lobe-fringe and distal fan-fringe remain poorly documented. 

To refine the mapping of the depositional environments, the scheme of Spychala et al. 

(2017) was adopted, in which they partially characterised the lobe environments based 

on the sand(stone) content of the sections measured in the Permian Karoo Basin, South 

Africa. Their classification is as follows: Lobe axis: 85–100% sandstones; Lobe off-

axis: 50–85% sandstones; Lobe (frontal and lateral) fringe: 20–50% sandstones; Lobe 

(frontal and lateral) distal-fringe: <20% sandstones (Fig. 2.5). 

 

 

 

 
Figure 2.5: Schematic model of a submarine lobe and related depositional 
environments with their sandstone proportions based on the scheme of Spychala et al. 
(2017). 
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2.7. Calculation of the percentage of SFDs in sedimentary logs 

 

In order to characterise the distribution of SFDs in the various depositional 

environments, the percentage of SFDs was calculated for each sedimentary log, 

measured in the Ainsa and Jaca basins. From the criteria used to recognise SFDs, such 

as supercritical-flow bedforms (cyclic steps, antidunes and upper-plane beds) and 

other sedimentary structures (backset, planar-parallel lamination, traction carpets), 

each discrete flow event or deposit was interpreted as either completely or partially 

deposited under supercritical-flow or subcritical-flow conditions. The thickness of 

each part of a bed, or entire bed, interpreted as deposited under supercritical- / 

subcritical-flow conditions was recorded and tabulated. In this study, the percentage 

of supercritical- / subcritical-flow deposits, was calculated for each sedimentary log. 

The percentage of SFDs was calculated only for sandstone beds: mudstone intervals 

were not taken into account in the calculation, as mudstones in the Ainsa and Jaca 

basins are considered to have been deposited under subcritical-flow conditions. 

The percentage of SFDs were calculated throughout the detailed sedimentary 

logs measured in the field and also through the sections measured in the high-

resolution core images. 

 

2.8 Correlation framework between the Ainsa and Jaca basins 

 

To refine the age model of the submarine lobe-and-related deposits in the Jaca Basin, 

as well as the correlation framework between the sandbodies of the Ainsa and Jaca 

basins, nannofossil biostratigraphic analysis based on samples collected in the 

hemipelagic sediments of the Jaca Basin was used. The abundance and short 

stratigraphic ranges of nannofossils make them an excellent group for biostratigraphic 

subdivision of Mesozoic and Cenozoic strata (e.g., Bown, 1998). 

Nannofossil age analysis was carried out on 27 fine-grained (mudstone) 

samples from the Jaca Basin. A single sample of mudstones was collected within the 

thick interval of hemipelagic sediments, e.g. laminated mudstones, for each 

sedimentary log measured in the different depositional environment of the Jaca Basin 

(e.g., lobe axis, lobe off-axis, frontal and lateral lobe-fringe, frontal and lateral lobe 

distal-fringe). The hemipelagic intervals were chosen in order to maximise the 
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abundance of plankton microfossils. In stratigraphically-long sections, two mudstone 

samples were taken. To determine the youngest age within the deep-marine 

siliciclastic sediments of the Jaca Basin, two isolated mudstone samples were 

collected at the top of the Jaca System, on the southern edge of the Jaca Basin. Each 

sample has a minimum volume of 30 cc. Sample locations were recorded with the use 

of GPS, within the Jaca Basin. Calcareous nannofossils were analysed using simple 

smear slides and standard light microscope techniques (as set out in Bown and Young, 

1998). Using a toothpick, a pinch of hemipelagic mudstone was scratched from a 

cleaned sample surface. Sediments were then placed on the smear slide and a few 

drops of distilled water dripped to the slide and mixed with the sediment. The slurry 

was then smeared thinly to make an even sediment veneer. The slide was then dried 

on a hot plate to evaporate excess water. Once the slide was dried, a few drops of 

optical glue (Norland) was dropped onto the slide, and a cover glass placed on top of 

the slide containing the dried sediment suspension. The glue was cured using UV light. 

Nannofossil data was collected semi-quantitatively using a Zeiss Axiophot 

photomicroscope at x1,000 magnification. Nannofossil biostratigraphy was described 

with reference to the Paleogene NP zones of Martini (1971) and CNE zones of Agnini 

et al. (2014). Age calibrations for the individual biohorizons were sourced from 

Gradstein et al. (2012)/Time Scale Creator 6.1, unless stated otherwise. The relative 

abundance of each species was recorded according to the following parameters: R = 

Rare (<1 per 10 FOV – fields of view), F = Few (1 per 10 FOV), C = Common (1 per 

FOV), A = Abundant (>10 per FOV). 

From the nannofossil analysis, an age model for the sandbodies of the Jaca 

Basin was determined as well as enabling a correlation between the sandbodies of the 

Ainsa and Jaca basins (section 3.7). 
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2.9 Core analysis 

 

2.9.1 Analysis of discrete sandstone beds 

 

In order to define the recognition criteria for SFDs in core, 65 discrete sandstone beds 

collected as part of the UCL Ainsa Project (see Pickering et al., 2015) were chosen.  

Each section of sandstones in core was logged and described at a centimetre-

scale using a binocular microscope. Every centimetre, grain size, sedimentary 

structures, the amount of bioturbation, the type of contact (e.g., amalgamation surface, 

erosive contact, etc.) were recorded. By using a binocular microscope, it was possible 

to observe the grain-size and grain-mineral distribution within specific sedimentary 

structures and, therefore, to characterise the sedimentary structures based on their 

grain-size distribution. The sections of core that were analysed were also interpreted 

using the facies scheme of Pickering and Hiscott (2016), and using the Bouma 

sequence (Bouma, 1962). Based on the recognition criteria for SFDs in core, the 

percentage of SFDs was also calculated for each of the studied core sections (section 

8.3). Two approaches were made in order to obtain the lowermost and highest possible 

value for the percentage of SFDs in each core section. In one case, the recognition 

criteria for SFDs was factored in, whereas in the second case all the recognition criteria 

for SFDs plus the thickness of structureless sandstones was used. Both values allowed 

an estimate of the error bar for the percentage of SFDs. 

 

2.9.2 Analysis of the high-resolution core images 

 

High-resolution images from the seven wells that were drilled in the Ainsa Basin were 

analysed, in order to record the distribution of SFDs in contrasting depositional 

environments in the Ainsa System. Using a software called “Screen Ruler”, it was 

possible to measure the bed thickness and the thickness of a specific grain-size interval 

or sedimentary structures. Bed thickness, facies classification, sedimentary structures, 

grain size, the proportion of SFDs, and subcritical-flow deposits, were recorded in an 

Excel spreadsheet. Once the dataset was assembled on a spreadsheet, the percentages 

of each category was calculated, including the percentages of SFDs. 
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Chapter 3  
 
 

GEOLOGICAL SETTINGS 

 

 

 
 

 

3.1 Introduction 

 

This chapter introduces the geological context of the Ainsa and Jaca basins, including 

the tectono-stratigraphy. The general geological context of the formation and 

evolution of the Pyrenean mountain belt and its structural units is also presented, 

together with the structural evolution of the basins.  A detailed description of the deep-

marine depositional units infilling the Ainsa and Jaca basins is introduced (Hecho 

Group, sensu Mutti et al., 1972). This chapter considers the correlation framework 

between the sediment-feeder submarine canyons / channelised systems of Ainsa Basin 

and the linked submarine lobe-and-related systems of the Jaca Basin. Based on a new 

correlation framework using calcareous nannofossils, published stratigraphic 

correlations between the Ainsa and Jaca basins are re-evaluated here.  The last section 

in this chapter considers an estimation of the likely slope gradients in the Ainsa and 

Jaca basins based on the palaeo-water depth and basin length. Recognising the 

inherent uncertainties in such calculations, nevertheless, this is an important 

characteristic to take into account in order to evaluate the distribution of SFDs 

discussed in chapters 5, 6, 7, and 8. 
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3.2 Pyrenean orogeny 

 

The Pyrenees are an ~1,000-km long orogenic belt extending from the Galicia area in 

the west to the Languedoc-Provence zone in the east. The Pyrenees represents the 

westernmost part of the Cenozoic Alpine-Himalayan orogeny, but was strongly 

influenced by early events, especially the Late Carboniferous Hercynian orogeny 

(Zwart, 1979). The Pyrenean mountain belt resulted from continental collision 

between the Iberian and Eurasian plates that was initiated in Late Cretaceous (e.g., 

Muñoz et al., 1986; Muñoz, 1992; Puigdefàbregas et al., 1992). The cessation of 

significant tectonic activity along the Iberian-European plate boundary occurred in the 

Miocene (Huyghe et al., 2009).  The early Mesozoic evolution of the Iberian and 

Eurasian plate boundary can be summarised as follows: 

 

(i) Mesozoic rifted-margin stage. Continental extension and rifting occurred in an 

ESE-WNW direction and resulted in the continental separation between Iberia and 

Europe and the opening of the Bay of Biscay (Dercourt et al., 1986; Le Pichon and 

Barbier, 1987; Pinet et al., 1987): this was coeval with the opening of the North 

Atlantic Ocean. The Late Cretaceous seafloor spreading and the opening of the Bay 

of Biscay with a progressive and cumulative ~35° anticlockwise rotation of the Iberian 

plate caused intense collision between the Iberian and the Eurasian plates during the 

Turonian (Choukroune, 1992; Vergés et al., 2002; Visser and Meijer, 2012). 

 

(ii) Late Mesozoic-Cenozoic collisional (orogenic) stage. The continental collision of 

Iberia with the mainland Europian crust created the Pyrenean orogen with evidence 

for partial northward subduction of the Iberian lithosphere (Choukroune and ECORD 

team, 1989; Muñoz, 1992; Beaumont et al., 2000). The most intense period of crustal 

shortening and associated deformation occurred during Early–Middle Eocene–

Oligocene (Puigdefàbregas et al., 1992; Vergés et al., 1998; 2002). From 55–37 Ma, 

the "South-Pyrenean flexural foreland basin" developed, with deep-marine, shallow-

marine and subaerial sedimentary environments. Uplift of the Western Pyrenees 

during the Middle–Late Eocene (~37 Ma) resulted to the termination of the foreland 

basin. The end of deformation, determined by magnetrostratigraphy studies (Meigs et 

al., 1996) and fission-track cooling ages (Fitzgerald et al., 1999) occurred during the 
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Late Oligocene, with an estimated duration of convergence of ~60 Myr (Beaumont et 

al., 2000). From balanced and restored cross-sections, an estimated total shortening of 

165 km occurred with a mean shortening rate of ~0.25 cm/yr (Vergés et al., 1995; 

Beaumont et al., 2000). The rate of tectonic shortening reached a maximum of 4.5 

mm/yr during the Early–Middle Eocene time (Vergés, 1992). 

The Pyrenean orogen is an asymmetrical, double-wedge continental belt. The 

southern, and most significant, thrust systems developed as thin-skinned tectonics 

above the flexed and partially underplated Iberian Plate, whereas the northern thrust 

systems developed above the European Plate (Vergés et al, 2002). The resulting 

Pyrenean belt has been divided in five structural units, bounded by major faults 

(Choukroune and ECORD team, 1989; Muñoz, 1992; Muñoz et al., 1994; Vergés et 

al., 1995). From north to south, these are the: 

 

• Aquitaine Foreland Basin; 

• North Pyrenean Thrust System (NPTS); 

• Axial Zone; 

• South Pyrenean Thrust System (SPTS), and 

• Ebro Foreland Basin. 

 

The Aquitaine Foreland Basin is located on the Eurasian Plate and was produced by 

the vertical loading of the thrusting sheets in the North Pyrenean zone (Bourrouilh et 

al., 2004) (Figs 3.1A, B). The Aquitaine Basins preserves a Campanian–Middle 

Eocene synorogenic sedimentary succession up to 5.5 km thick. The stratigraphic 

succession shows a change from predominantly non-marine in the east to 

predominantly marine to the west (BRGM et al., 1974). 

 

The North Pyrenean Thrust System (NPST), developed on the European Plate, and is 

bounded to the north by the North Pyrenean Frontal Thrust and to the south by the 

North Pyrenean Fault System (Figs 3.1A, B). It consists of a northward-directed folded 

imbricate thrust stack characterised by high-angle reverse faults incorporating 

Hercynian basement and Mesozoic to Early Eocene highly deformed sedimentary 

successions (Souquet, 1988; Déramond et al., 1993). 
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The Axial Zone is located south of the North Pyrenean Fault (Figs 3.1A, B). The Axial 

Zone is formed of an antiformal stack of thrust sheets. This zone is mainly composed 

of Cambrian to Carboniferous rocks, including granites, gneisses, phyllites, 

limestones, slates and sandstones, which were deformed during the Hercynian 

Orogeny (Zwart, 1979), and with intrusions of granodioritic plutons (Vissers, 1992). 

 

The South Pyrenean Thrust System (SPTS) is located south of the Axial Zone, above 

the partially subducted (underplated) Iberian Plate. The SPTS is delimited to the north 

by the Axial Zone Nogueres Nappe and to the south by the frontal thrust of the Sierra 

Exteriores (Muñoz, 1992) (Figs 3.1A, B). The SPTS is a zone of south-verging thrusts, 

deformed by thin-skinned tectonics with a décollement level in the Triassic evaporites 

(Muñoz et al., 1986). 

 

The Ebro Foreland Basin developed on the Iberian Plate and is delimited to the north 

by the Pyrenean mountain range, and to the south by the Catalan and Iberian mountain 

ranges (Figs 3.1A and B). Basin initiation started at the end of the Cretaceous as a 

response to lithospheric flexure due to loading in the Axial Zone and SPTS (Vergés et 

al., 2002). The first syn-orogenic deposits are Upper Cretaceous turbidites, which 

grade upwards to shallow-marine and continental deposits (deltaic, fluvial, alluvial, 

and occasional lacustrine) by the Miocene (Puigdefàbregas et al., 1992).  

 

The Ainsa and Jaca basins are part of the “South Central Pyrenean Unit” 

(SCPU) as defined by Fernández et al. (2012), and are located in the central area of 

the SPTS. The SCPU comprises three mains imbricate thrust sheets (Séguret, 1972; 

Cámara and Klimowitz, 1985; Muñoz, 1992) emplaced from the Late Cretaceous 

through Miocene. These thrust sheets are, from north to south, respectively: the 

Bóixols thrust sheet, the Montsec thrust sheet and the Sierra Marginales thrust sheet 

(Fig. 3.1B). The western boundary is not clearly defined as the thrust systems 

degenerate into a series of oblique thrusts and anticlines such as the Boltaña Anticline, 

the Mediano Anticline and Cotiella thrust (Séguret, 1972), and synclines such as the 

Buil Syncline. As the thrust system formed, a series of basins developed concomitantly 

(i.e., synsedimentary basins), each characterised by a different depositional 

environment (Puigdefàbregas et al., 1992). Consequently, three main palaeographical 
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sectors can be identified from facies associations within the basin fill (Mutti et al., 

1972, 1985, 1988): 

- The eastern sector, also known as Tremp-Ager basin extends from the 

Tremp-Ager region in the east, westwards to the area of Tierrantona. The 

sector is defined by an east-west succession of alluvial, deltaic, nearshore 

and shelf deposits of the Montañana Group (Nijman and Nio, 1975; Mutti 

et al., 1985).  

- The central sector or Ainsa-Jaca basins lies between the area of 

Tierrantona in the east, and Jaca in the west. The eastern and central sectors 

are bounded by a complex system of lateral ramps and detachments 

accommodating differential movements within the SCPU. This boundary 

is marked by a palaeogeographic shelf break, and the subsequent change 

in facies associations die to the structural oversteepening of the delta front. 

Major submarine erosional surfaces and shelf edge failure characterise this 

eastern boundary, which correlate westwards to a thick deep-water clastic 

succession, collectively named the Hecho Group (Mutti et al., 1972).  

- The western sector or Pamplona Basin extends from Jaca to Pamplona, and 

consists of a thick succession of basin plain deposits. 
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Figure 3.1: (A) Schematic geological map of the Pyrenees showing the position of the 
five main structural units (Aquitaine Basin, NPTS, Axial Zone, SPTS and Ebro Basin) 
and of the study area (Ainsa and Jaca basins). Redrawn and modified from Vergés et 
al. (2002). (B) North-south cross-section showing the five main structural units. 
Redrawn and modified from Muñoz (1992) and Vergés et al. (2002). NPTS= North 
Pyrenean Thrust System; SPTS= South Pyrenean Thrust System. 
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3.3 Palaeogeography of the Ainsa and Jaca basins 

 

The Early–Middle Eocene SCPU evolved mainly with non-marine / marginal marine 

environments in the eastern sectors, known as the Tremp–Graus and Ager basins, 

whilst farther west there was an overall change from fluvio-deltaic to deep-marine 

systems in the Ainsa–Jaca basins (Fig. 3.2). The Ainsa–Jaca basins are bounded by 

the Mediano Anticline to the east and by the Navarre diapirs to the west (Fig. 3.1A). 

Another major structural feature that separates the Ainsa-Jaca basins today, is the 

Boltaña Anticline (Fig. 3.1A). The Boltaña Anticline was a growing seafloor high 

(growth structure) that developed during sediment accumulation in the Ainsa–Jaca 

basins, although both of the basins were still connected during the depositional history 

of the South Pyrenean foreland basin (Mutti 1985; Dreyer et al. 1999; Pickering and 

Corregidor 2005; Muñoz et al., 2013). 

Using present-day co-ordinates, the deep-marine clastic systems of the Ainsa–

Jaca basins were mainly fed from a south-eastern point source (Tremp–Graus and 

Ager basins). Axial-basin sediment gravity-flows (SGFs) travelled towards the NW in 

the proximal Ainsa basin (~320°) and more westerly across the Boltaña Anticline in 

the distal Jaca Basin (~270°) (Pickering and Corregidor, 2005) (Fig. 3.2). Once the 

rotation of the Ainsa Basin is restored to its position during the Middle Eocene, most 

of the sediment supply was to the east. Sediment supply was partly controlled by the 

western oblique lateral ramps of the SCPU, such as the Boltaña and Cotiella lateral 

ramps (Remacha and Fernández, 2003). This structurally-controlled sediment routing, 

with submarine canyons in the Ainsa Basin (Mutti et al., 1985, 1988), transferred the 

clastic sediments from the shallow-marine Tremp–Graus basins into the deep-marine 

environments of the Ainsa and Jaca basins (Fig. 3.2). 
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Figure 3.2: Palaeogeographic reconstruction of the Ainsa–Jaca basins and the 
surrounding areas during the Middle Eocene. Redrawn and modified from Dreyer et 
al. (1999) and Cornard and Pickering (2020, in press). 
 

 

3.4 The Ainsa Basin 

 

3.4.1 Tectonic settings of the Ainsa Basin 

 

The Ainsa Basin is a relatively small basin, ~25 km wide and ~40 km long. It is located 

in the footwall of the Monstec Thrust, within the oblique thrust-and-fold system of the 

South-Central Pyrenees (Séguret, 1972). The Ainsa Basin started to develop at the 

Cuisian (Ypresian)–Lutetian transition due to flexural subsidence of the area laterally 

adjacent to the active South Pyrenees (Dreyer et al., 1999). On the top of this thrust 

sheet, continental and deltaic deposits of the Tremp–Graus thrust-top (piggyback) 

basin accumulated. (Puigdefabregas et al., 1992; Nijman, 1998). 

During the Middle Lutetian and Bartonian, thrust sheets propagated southwards 

and westwards toward the foreland and several north-south trending anticlines and 

synclines developed in the basin (Muñoz et al., 1998; Fernández et al., 2012). This 

series of synsedimentary anticlines and synclines in the Ainsa Basin are referred as 

the "Sobrarbe Fold System" (Fernández et al., 2012), that includes: the Mediano, 

Olsón, Añisclo and Boltaña anticlines, from east to west, respectively, and the Buil 

Syncline (Fig. 3.3). 



 
 

95 

 

• The Mediano Anticline is ~20 km long detachment fold and represents the 

eastern boundary of the Ainsa Basin (Fig. 3.3). The Mediano Anticline 

defined the eastern boundary of the Ainsa Basin and delimited the Ainsa Basin 

from the Tremp-Graus Basin. The Mediano Anticline is located in the 

footwall of the Montsec [Peña Montañesa] thrust sheet (Fernández et al., 

2012). Growth geometries demonstrate that the Mediano Anticline developed 

during the Middle Eocene, from Early Lutetian to Bartonian (Poblet et al., 

1998). Growth of the Mediano Anticline appears to have been episodic with 

a period of slow growth followed by relatively fast and short lasting (<1.5 

Myr) growing episodes. This episodic growth has been linked with the 

irregular tectonic activity of the Montsec thrust sheet (Holl and Anastasio, 

1993).  

• The Olsón Anticline has no expression at the present land surface because it 

is located below the Buil Syncline (Fig. 3.3). The Buil Syncline is the syncline 

located between the Mediano and Boltaña anticlines. The Olsón Anticline is 

estimated at ~10 km long and has been imaged using seismic data (Lanaja and 

Navarro, 1987). This structure is not discussed further in this thesis. 

• The Añisclo Anticline is west of the Boltaña Anticline (Fig. 3.3). The Añisclo 

Anticline is a fault propagation fold in its central part and dies out in the 

northern part (Fernández et al., 2012; Muñoz et al., 2013). The Añisclo 

Anticline developed synchronously with the Mediano Anticline. Initiation of 

the Añisclo Anticline started during the sedimentation of the upper part of the 

Gerbe System (ibid.). 

• The Boltaña Anticline is the most prominent anticline of the Sobrarbe System. 

It is >25 km long and has an essentially constant N–S trend with practically 

no measurable plunge (Fig. 3.3). It defines the western limit of the Ainsa Basin 

and for all practical purposes can be considered as the boundary between the 

Ainsa and Jaca basins. This fold is related to the propagation of the westward-

verging Boltaña blind thrust. The Boltaña Anticline started in the Middle 

Lutetian and stopped during the Early Priabonian (Puigdefàbregas, 1975; 

Muñoz et al., 2013). 
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Figure 3.3: Structural map of the Ainsa Basin showing the main structures. In red, the 
Boltaña, Añisclo and Mediano anticlines which play a major role on the basin 
geometry and distribution of the sandbodies. Redrawn and modified from Muñoz et 
al. (2013). 



 
 

97 

These groups of folds have been interpreted as transport-oblique lateral thrust 

ramps, developed along the eastern margin of the Gavarnie thrust sheet (Tavani et al., 

2006) (Fig. 3.3). The Gavarnie Thrust and these anticlines are detached at the same 

Triassic evaporites of the Keuper Formation (Fernández et al., 2004) (Fig. 3.4). These 

folds show an oblique orientation (Fernández et al., 2012) compared to the trend of 

the main Pyrenean structures. Palaeomagnetic studies of the Gavarnie thrust sheet by 

Muñoz et al. (2013) suggest regional clockwise rotations between ~25°–80° in 

sediments throughout the Lutetian. Rotation in the Ainsa Basin was coeval with the 

N–S trending anticlines (Mediano, Añisclo and Boltaña anticlines) and with the 

growth of extensional faults in the Montsec thrust sheet (Muñoz et al., 2013). 

Palaeomagnetic studies of Cantalejo et al., (2020a, in review) confirmed regional 

clockwise rotations of up to 80°. The highest values of rotation are recorded in the 

Lower Eocene sediments of the Ainsa Basin. The magnitude of the rotation decreases 

with age Cantalejo et al., (2020a, in review).  

The development of the Mediano and Boltaña anticlines appears to mark the 

transition of the Ainsa Basin from a foredeep basin to a thrust-top (piggyback) basin, 

which was incorporated into the hangingwall of the Sierra Marginales thrust sheet 

during the Middle Eocene. Such growth structures during deposition of the deep-

marine sediments show the importance of synsedimentary tectonics in controlling 

basin configuration both prior to and during deposition (Pickering and Bayliss, 2009; 

Bayliss and Pickering, 2015b) (Fig. 3.4). 

The northern part of the Ainsa Basin shows intense deformation, with a 

complex of stacked thrust-and-fold-structures known as the Arro Thrust System (Fig. 

3.3). These are linked with the oblique lateral ramp thrust system joining the Montsec 

and Peña Montañesa frontal ramps (Fernández et al., 2012). 
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Figure 3.4: West-east structural cross-section of the Ainsa Basin. Redrawn and 
modified from Dreyer et al. (1999). 
 

 

3.4.2 Stratigraphy of the Ainsa Basin 

 

The stratigraphy of the Ainsa Basin can be divided in four tectonostratigraphic units 

(TSU) based on their age in relation to southern Pyrenean tectonic events (Fernández 

et al., 2012): 

 

 (1) The oldest unit consists of the Triassic Keuper evaporites and Upper Cretaceous 

to Paleocene carbonate platform (Figs 3.4 and 3.5). The thickness increases gradually 

up to 1,000 m south of the Ainsa Basin and >1,500 m to the northeast of the Ainsa 

Basin (Fernández et al., 2012). This unit was deposited prior to the rotational motion 

of the Gavarnie-Sierra Marginales thrust, and therefore does not show synsedimentary 

deformation during deposition. This unit is capped by the Alveolina limestones 

(Ilerdian age), interpreted as shelf deposits (Pujalte et al., 2000). 

 

(2) A second unit consisting of Lower Eocene shales, marls, and limestones deposited 

in a platform (shelf) environment along the southern margin of the Pyrenean foreland 

basin (Figs 3.4 and 3.5). The younger sediments of Unit 2 were deposited essentially 

synchronously with sediments of the third unit. The contact between both is mostly 

erosive and in some places in the Ainsa Basin, sediment of Unit 3 directly lies on the 

Alveolina limestones (Fernández et al., 2012). 
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(3) A third tectonic unit is related to the Middle Ypresian (Cuisian) and Lutetian deep-

marine slope and base-of-slope sediments (study area in the Ainsa Basin). This deep-

marine system is commonly called the Hecho Group (Mutti et al., 1972) (Figs 3.4 and 

3.5), a stratigraphic terminology that is adopted in this thesis. 

 

(4) The youngest tectonic unit consists of the ~500 m of Bartonian shallow-marine 

and deltaic sediments known as the Sobrarbe Formation (Dreyer et al., 1999), and 

fluvial sediments of the Escanilla Formation, which represent the final stage of the 

basin infill (Puigdefábregas et al., 1992; Dreyer et al., 1999; Michael et al., 2014) 

(Figs 3.4 and 3.5). 

 

The Hecho Group (TSU 3) represents an accumulation of ~4 km 

(cumulatively) of Early–Middle Eocene deep-marine siliciclastic sediments and 

coincided with maximum rates of tectonic subsidence, shortening and thrust-front 

advance in the South Pyrenean foreland basin (Mutti et al., 1972; Mutti, 1977). The 

Hecho Group was originally defined as a succession of deep-marine 

mudstones/marlstones with packages of coarser-grained sandstones and 

conglomerates and finer-grained deposits identified in the Ainsa Basin and the Jaca 

Basin (Mutti et al., 1972; Mutti, 1977; Labaume, 1983; Labaume et al., 1983, 1985, 

1987; Mutti, 1985; Mutti and Norwark, 1987; Mutti et al., 1988; Mutti and Norwark, 

1991; Remacha et al., 1991; Millington and Clark, 1995a,b; Clark and Pickering, 

1996; Remacha et al., 1998; Remacha et al., 2003; Remacha and Fernández, 2003, 

2005; Pickering and Corregidor, 2005; Das Gupta and Pickering, 2008; Heard and 

Pickering, 2008; Heard et al., 2008; Pickering and Bayliss, 2009; Scotchman et al., 

2009; Sutcliffe and Pickering, 2009; Dakin et al., 2013; Cantalejo and Pickering, 2014, 

2015; Pickering et al., 2015).  

The mudstones/marlstones are characterised by thick intervals (typically 

hundreds of metres thick) of thin-bedded laminated siltstones and marlstones which 

constitute both interfan and fan lateral-margin facies (Pickering and Corregidor, 2005) 

deposited from basinal background settling and low-density turbidity currents 

(Falivene et al., 2010; Pickering et al., 2015).  

The sandstones units in the Ainsa Basin were deposited by several types of 

SGFs, including turbidity currents, concentrated density-flows and cohesive flows. 



 
 

100 

The sediment sources were mostly from fluvio-deltaic complex (Montañana Group; 

Mutti et al., 1985; Marzo et al., 1988) deposited in the Tremp-Ager Basin on top of 

the Montsec thrust sheet (Fig. 3.2).  

 

 

 
Figure 3.5: Stratigraphy of the Ainsa Basin in the context of the Gavarnie thrust sheet. 
Redrawn and modified from Muñoz et al. (2013) and Cantalejo et al. (2020a, in 
review). Lithostratigraphic units: Gr=Grustán; Pa=Pano; Pr=Perarrúa; Cm= 
Campanué. Unconformities: AT=L’Atiart; CL=Charo-Lascorz. Numbers refer to the 
different tectonostratigraphic units in the Ainsa Basin. 
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3.4.3 Sandbodies of the Ainsa Basin 

 

The Ainsa Basin comprises about twenty-five deep-water sandbodies packaged into 

eight coarse-clastic depositional systems (Fig. 3.5), each typically in the order of 100–

200 thick. From the oldest, these eight systems are the: (1) Fosado, (2) Los Molinos, 

(3) Arro, (4) Gerbe, (5) Banastón, (6) Ainsa, (7) Morillo, and (8) Guaso (Mutti et al., 

1985). The Hecho Group can be divided into two group: (i) the Lower Hecho Group 

that included the Fosado, Los Molinos, the Arro and Gerbe submarine fans and (ii) the 

Upper Hecho Group that included the Banastón, Ainsa, Morillo and Guaso submarine 

fans (Muñoz et al., 1994; Fernández et al., 2004; Pickering and Corregidor, 2005; 

Pickering and Bayliss, 2009). The two groups can be related to two discrete tectonic 

phases. The tectono-stratigraphic boundary between the Lower and Upper Hecho 

groups has been interpreted as the time interval when the Ainsa Basin was transformed 

from a simple foreland basin into a complex thrust-top (piggyback) basin, associated 

with the development of the Boltaña and Mediano anticlines (Remacha et al., 2003; 

Pickering and Cantalejo, 2015). The earliest parts of the deep-marine fill in the Ainsa 

Basin are the most highly deformed. The degree of tectonic deformation decreases 

upwards until the deep-marine Guaso System and overlying Sobrarbe deltaics. This 

progressive decreases in tectonic deformation upward through the Ainsa Basin 

demonstrates an important synsedimentary tectonic influence on deposition within the 

deep-marine basin. 

Tectonic and orbitally-induced climate processes have been recognised as 

playing a major role on the controls of the formation and evolution of the channelised 

submarine fans (e.g., Pickering and Bayliss, 2009; Cantalejo et al., 2020b, in review): 

 

(i) Basin accommodation for deep-marine sedimentation was partly controlled by 

tectonics. Subsidence and basin development were driven by Pyrenean orogenesis, 

with rapid deepening of the basin from shallow-marine mixed carbonate and clastic 

shelf to water depths in the range of ~400–800 m (Pickering and Corregidor, 2005; 

Fernández et al., 2012). 

 

(ii) Intrabasinal tectonics defined and controlled the position of, at least, the younger 

sandy systems (Upper Hecho Group) and their constituent fans (Pickering and Hiscott, 
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2016), in a process of seesaw tectonics. The process of seesaw tectonics in the Ainsa 

Basin consist of (i) a westward lateral off-set stacking of sandy fans due to growth of 

the Mediano Anticline and (ii) an eastward back stepping of the depositional axis of 

each sandy system, due to phases of relative uplift of the Boltaña Anticline (Fig. 3.6) 

(Pickering and Bayliss, 2009).  

 

(iii) The growth of the twenty-five channelised submarine fans appears to have been 

partly controlled by the ~400 kyr Milankovitch eccentricity frequency which regulated 

the voluminous and coarse supply to the basin (Pickering and Bayliss, 2009; Cantalejo 

et al., 2020b, in review).  

 

(iv) Higher-frequency Milankovitch modes, at the short eccentricity, obliquity and 

precessional modes have been shown to have influenced bottom-water conditions in 

the basin (Heard, 2008; Pickering and Bayliss, 2009; Cantalejo and Pickering, 2014, 

2015; Cantalejo et al., 2020b, in review). 

 

 
Figure 3.6: Summary explanation of evolution of the Upper Hecho Group in the Ainsa 
Basin. Approximate duration of sandy systems is based on ~400 kyr cyclicity for ~25 
channelised, sandy, submarine fans of the Ainsa Basin. (Redrawn and modified from 
Pickering and Bayliss (2009)). 
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Each depositional system is separated by several hundred metres of mainly 

marl deposits with relatively minor amounts of thin-bedded to very-thin bedded 

sandstones (Pickering and Corregidor, 2005). Each of these systems contains 2–6 

individual sandbodies separated by mainly thin-bedded and very-thin bedded 

sandstones and marlstones. Each sandbody has been interpreted as sand-prone 

channelised submarine fan (Mutti et al., 1985; Pickering and Corregidor, 2005). 

 

Submarine channels of the Ainsa Basin are typically 10–100 m thick and 0.5–

2.5 km wide. They can reach 4 km width including the heterolithics channel margin, 

levées and overbank deposits (Pickering and Bayliss, 2009). Mapping suggests that 

only one submarine channel was active in any sandy fan at any time. Within the 

channelised submarine fan and interfan environments, seven main facies are 

recognised in the Ainsa Basin (Pickering and Bayliss, 2009): 

 

(i) Channel-axis and / or channel-thalweg deposits, showing mainly laterally 

discontinuous conglomerates and sandstones (facies classes A, B, C, see section 1.5, 

for definition).  

(ii) Channel deposits with irregularly thick- to medium-bedded sandstones (facies 

classes B, C). 

(iii) Channel-margin and / or channel off-axis deposits and splay deposits with 

laterally discontinuous and irregular medium- to thin-bedded sandstones and 

marlstones (facies classes C, D, B). 

(iv) Channel-mouth and / or proximal-lobe deposits with unconfined thick- to thin-

bedded sandstones (facies classes C, D). 

(v) Interfan, bedded, sandy marlstone-dominated intervals (facies classes C, D, E). 

(vi) Slope and base-of-slope non-fan deposits and sediment slides (facies classes F, D, 

E). 

(vii) Slope and base-of-slope deposits, as sediment slides and debris-flow deposits 

containing limestone clasts (facies classes F, A). 
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3.4.3.1 The Lower Hecho Group 
 

The Lower Hecho Group represents the oldest deep-marine siliciclastics sediments in 

the Ainsa Basin, and includes: the Fosado, Los Molinos, Arro and Gerbe systems 

(Mutti et al., 1988). They comprise the most structurally deformed sediment in the 

Ainsa Basin due to their proximity to the lateral ramp thrust system joining the 

Montsec and Peña Montañesa frontal ramps (Fernández et al., 2012). From analysis 

of the architectural elements, each depositional system is related to specific 

depositional environments.  

 

The Fosado System is ~60 m thick and is composed of two successions (Fosado I and 

II fans), representing lower-slope channels (Pickering and Bayliss, 2009). It is oldest 

deep-marine system deposited in the Ainsa Basin (Figs 3.5 and 3.7). It is also the least 

studied SGF-deposit system in the Ainsa Basin, due its structural complexity. 

 

Los Molinos System is ~210 m thick and consists of three sandbodies (Molinos I, II 

and III fans) and represents base-of-slope, slope apron with mid-slope channels 

(Bayliss, 2010). It is stratigraphically located between the Fosado and the Arro 

systems (Figs 3.5 and 3.7). The Los Molinos System was first documented as the base 

of the Arro System by Remacha et al. (2003). In later research, it was interpreted by 

the same authors as belonging to a separate SGF-deposit system. To the southeast of 

the system, the sandbodies are truncated by the Los Molinos thrust system, whilst to 

the northwest, they form a ridge also truncated by a thrust system. 

 

The Arro System contains two sandbodies (Arro I and II fans) and has been interpreted 

as an upper / mid-slope canyon (Millington and Clark, 1995a; Pickering and Bayliss, 

2009). It is stratigraphically located between the Los Molinos and the Gerbe systems 

(Figs 3.5 and 3.7). The Arro System sandbodies are the only sandbodies that are 

continuously traceable into their canyon source, the Charo Canyon (Millington and 

Clark, 1995). 

 

The Fosado, Los Molinos and Arro systems were all affected by the development of 

the Arro thrust system, showing a high degree of structural complexity and, therefore, 

are not included in this study. 
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The Gerbe System is stratigraphically located between the Arro and the Banastón 

systems and represents the youngest system in the Lower Hecho Group (Figs 3.5 and 

3.7). It is up to ~210 m thick (Bayliss, 2010) and its composed of two fans: Gerbe I 

and II fans. It has been interpreted as a submarine canyon / submarine-fan [slope] 

channel system (Millington and Clark, 1995a; Clark and Pickering, 1996; Pickering 

and Bayliss, 2009).  

 

3.4.3.2 The Upper Hecho Group 
 

The Upper Hecho Group represents the youngest deep-marine sediments infilling the 

Ainsa Basin, and comprise four depositional systems. These are: the Banastón, Ainsa, 

Morillo and the Guaso systems, from oldest to youngest (Mutti et al., 1988; Pickering 

and Bayliss, 2009; Pickering et al., 2015). The Upper Hecho Group is the best exposed 

part of the deep-marine sediments in the Ainsa Basin.  

 

The Banastón System directly overlies the Gerbe System and is the oldest system 

deposited in the Upper Hecho Group. This system is the thickest of all the systems 

(~500–700 m) and comprises six sandy fans, designated form oldest to youngest, 

Banastón I to Banastón VI, respectively (Fig. 3.7). These sandy fans show a 

transitional depositional style from lower-slope channel infill in the eastern part of the 

Ainsa Basin, to a more proximal basin-floor and fan lateral-margin and levée-

overbank environments in the northwest and northeast of the basin (Bayliss and 

Pickering, 2015a). 

 

The Banastón I Fan is mapped as having deposits restricted between the Mediano (in 

the east) and the Añisclo anticlines in the west. The Banastón II and III fans were 

mapped as showing no significant changes in thickness over the Añisclo Anticline; 

therefore, it was assumed that this structure had temporarily stopped growing or that 

sediment supply exceeded the rate of growing seafloor relief (see fig. 13 in Bayliss 

and Pickering, 2015a). This led to a decrease in confinement of the sandbodies from 

Banastón I to III fans. However, the presence of the thickest MTDs (up to ~20 m) at 

the base of Banastón III probably enhanced local topographic confinement. It appears 

that during the final stages, or after the deposition of the Banastón III Fan, the Añisclo 

Anticline was reactivated as the Banastón IV, V and VI fans are located to the west of 
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the Añisclo Anticline (Bayliss and Pickering, 2015a). From mapping, a progressive 

decrease in the confinement of the Banastón IV, V, and VI fans is observed, without 

significant synsedimentary tectonic activity of the Añisclo Anticline, or the sediment 

accumulation rate of these three fans exceeded (drowned) any structural growth of the 

anticline (Bayliss and Pickering, 2015a). 

 

The Ainsa System stratigraphically overlies the Banastón System. The Ainsa System 

comprises is ~250 m thick and comprises three sandy fans, interpreted as structurally 

confined, lower-slope submarine fans with erosional-depositional channels and 

proximal basin-floor environments (Pickering and Corregidor, 2005; Pickering et al., 

2015) (Fig. 3.7). The fans show decreasing confinement from the Ainsa I to III fans, 

likely due to a period of relative tectonic quiescence in the basin. The Ainsa I Fan 

shows more lateral confinement compared with the Ainsa II and III fans, due mainly 

to the presence of type I MTCs (Pickering and Corregidor, 2005) that created 

topography (ponded accommodation). 

 

The Morillo System is the penultimate deep-marine system in the Ainsa Basin. It is 

stratigraphically located between the Ainsa and Guaso systems. It is up to ~260 m 

thick and comprises three sandbodies (Morillo I, II and III fans) (Fig. 3.7). They have 

been interpreted as structurally-confined, essentially coarse-grained and channelised 

mid-slope/canyon to lower-slope submarine fans and also referred as a gravel-rich 

submarine fans (Bayliss and Pickering, 2015a). A phase of differential tectonic uplift 

prior to and during the accumulation of the Morillo System created a relatively 

narrowing and shallowing of the Ainsa basin (Bayliss and Pickering, 2015a). 

 

The Guaso System is the youngest deep-marine system in the Ainsa Basin and 

stratigraphically overlies the Morillo System. It is overlain by ~150–200 m of fine-

grained slope, prodelta and deltaic sediment that belong to the Sobrarbe delta complex 

(Dreyer et al., 1999). It is ~300 m thick and comprises two sandbodies (Guaso I and 

II) (Fig. 3.7). The Guaso System has been interpreted as the shallowest deep-marine 

environments in the Ainsa Basin, that accumulated during the final stages of basin fill 

(Sutcliffe and Pickering, 2009; Scotchman et al. (2015). 
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In this thesis, attention has been focussed on sandbodies of the mid-slope 

environment of the Gerbe System, the proximal basin-floor environment of the 

Banastón System and the lower-slope environment of the Ainsa System, because they 

show excellent outcrop exposure and have been heavily studied in the past. 
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Figure 3.7: Geological map of the Ainsa Basin. From Pickering and Cantalejo (2015), 
modified from Pickering and Bayliss (2009). 
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3.5 The Jaca Basin 

 

3.5.1 Tectonic settings of the Jaca Basin 

 

The Jaca Basin is an elongate east-west trending basin, ~ 175 km long and 40–50 km 

wide (Puigdefàbregas, 1975; Mutti, 1984; Labaume et al., 1985; Remacha and 

Fernández, 2003; Fernández et al., 2004). The basin is delimited by the Lakora thrust 

sheet to the north (Teixell. 1996), a carbonate-dominated shallow-marine ramp-type 

margin to the south, the Boltaña Anticline to the east, and by the Navarre diapirs to 

the west in the Pamplona area (Payros et al., 1999). 

The Jaca Basin developed simultaneously with the Ainsa Basin during the 

Cusian–Lutetian. At this time, the Ainsa and Jaca basins were connected without any 

structural barriers. The more proximal sediments accumulated in submarine 

canyons/channels in the Ainsa Basin, with the more distal sediments accumulating in 

the submarine lobe-and-related environments of the Jaca Basin. Presently, both basins 

are separated by the Boltaña Anticline that developed during deposition of the Hecho 

Group (Mutti, 1984; Dreyer et al., 1999; Pickering and Corregidor, 2005; Pickering 

and Bayliss, 2009). 

 

Four main structures affected the deposits of the Jaca Basin (Teixell, 1996): 

 

(1) The Lakora thrust sheet: The Lakora Thrust was active from Late Cretaceous to 

mid-Eocene and developed north of the Jaca Basin and progressively moved 

southwards (Teixell, 1992, 1996). The early stages (Cuisian) of deformation in the 

Jaca Basin occurred during the deposition of the first Hecho Group sandbodies and 

was coeval with the emplacement of the Lakora-Central South Pyrenean Unit tectonic 

complex (Fig. 3.8) (Teixell, 1992; Remacha and Fernández, 2003). The Lakora thrust 

sheet resulted from the inversion of the North Pyrenean basin margin. It is bounded to 

the south by a system of south-directed gently dipping thrusts, the lowermost of which 

is commonly referred to as the Lakora thrust (Teixell, 1996). The Lakora thrust sheet 

is bounded to the north by the Licq Fault. The Lakora thrust sheet is also denominated 

as the Eaux-Chaudes Thrust by Labaume et al. (1985) and the Central South Unit by 
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Séguret (1972). The shortening due to the Lakora Thrust has been estimated at ~22 

km (Teixell, 1996).  

 

(2) The Larra thrust system: The Larra thrust system can be followed to the east along 

the Sierra Interiores to the N–S trending Boltaña lateral ramp anticline (Soler and 

Puigdefàbregas, 1970). The Larra thrust system developed simultaneously with the 

growth of the Boltaña Anticline during mid-Late Lutetian to Bartonian (Teixell, 1996). 

The Larra thrust system splays from the Lakora Thrust, and developed during the last 

translation of the Lakora Thrust (Fig. 3.8) (Teixell, 1996). At the western end of the 

Jaca Basin, the Larra thrust system is connected to the Oroz-Betelu basement-involved 

thrust (Labaume, 1983; Remacha et al., 2005).  

 

(3) The Gavarnie Thrust: The Gavarnie Thrust is located beneath the Axial Zone 

antiform and deformed both the Lakora and Larra thrusts (Teixell, 1996). The Jaca 

Basin occupies much of the central and western part of the Gavarnie thrust sheet. The 

Gavarnie Thrust developed in the Late Eocene and displaced material southwards in 

the Jaca basin until the locking of the thrust sheet in the Early Miocene (Fig. 3.8) 

(Turner, 1990). The Biniés Thrust constitutes a branch of the Gavarnie Thrust and 

emerges at the south of the Jaca Basin (Remacha et al., 2005). 

 

(4) The External Sierra and Guarga Thrust: The External Sierra constitutes the 

southern boundary of the Jaca Basin and it is defined by the Guarga Thrust, formed 

during the final stages of development of the Jaca Basin during the Oligocene to the 

Early Miocene (Fig. 3.8) (Turner, 1990; Teixell, 1996). An estimated 12 km of 

shortening was taken up by the External Sierra and the frontal culmination wall of the 

related Guarga Thrust (Teixell, 1996). 

 

West of Jaca, a narrowing of the Jaca Basin has been documented, and its 

syndepositional geometry is explained by the southward advance of the axial thrust 

sheets that separated the Jaca Basin from the Basque Basin father west (e.g., Mutti, 

1985; Puigdefabregas et al., 1992; Bell et al., 2018). A further causal process leading 

to narrowing (lateral constriction) of the Jaca Basin was the uplift of the foreland-

basin forebulge, together with seafloor uplift at the western end of the basin due to the 

Pamplona Fault and associated structures (Mutti, 1985; Payros et al., 1999). 
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Figure 3.8: Cross-section of the South Pyrenean thrust belt in the west central part of 
the range. The thick synrogenic Tertiary deposits are incorporated into the thrust belt, 
e.g., the Jaca Basin. Redrawn and modified from Teixell (1998) and González et al. 
(1995). 
 

 

 

3.5.2 Stratigraphy of the Jaca Basin 

 

The Jaca Basin shows an overall regressive sedimentary infill, from deep-marine 

sediments to continental red beds (Mutti et al., 1972; Puigdefàbregas, 1975). The 

stratigraphy of the Jaca Basin can be divided in two parts, corresponding to different 

levels of exhumation; a northern part dominated by the deep-marine sediments of the 

Hecho Group, and a southern part dominated by terrestrial sandstones and shales of 

the Campodarbe Group (Fig. 3.8) (Teixell, 1996). 

The deep-marine sediments of the Hecho Group in the Jaca Basin are coeval 

with platform carbonates that formed along southern basin margin (Puigdefàbregas 

and Souquet, 1986; Barnolas and Teixell, 1994). The Hecho Group is overlain by Late 

Lutetian to Mid- Priabonian shallow-marine and slope marls and sandstones 

(Pamplona marls and other formation, Puigdefàbregas, 1975). These units are overlain 

by a thick (up to 3,800 m) upper Priabonian–Rupelian succession of terrestrial 

sandstones and shales (Campodarbe Group) (Teixell, 1996). The youngest part of the 

group includes conglomerate alluvial fan.  
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3.5.3 The Hecho Group in the Jaca Basin 

 

The Hecho Group in the Jaca basin is mainly represented by submarine sheet-like 

lobe-and-related deposits, including basin-floor elements (Remacha and Fernández, 

2003) with a maximum thickness up to 4,500 m (Mutti et al., 1972; Teixell, 1992; 

Barnolas and Teixell, 1994). The Hecho Group in the Jaca Basin is represented by 

several major sandy deep-marine systems composed of various SGF deposits, and 

named from oldest to youngest: (1) Torla-Broto; (2) Cotefablo; (3) Banastón, and (4) 

Jaca systems (Fig. 3.9). However, Mutti et al. (1988), and Remacha et al. (1998) 

recognised one older heterolithic SGF-deposit system in the Jaca Basin, known as the 

"Figols System”. As this system is poorly exposed, and slightly older than the sandy 

systems in the Ainsa Basin, it is not considered further in this thesis. 

 

The Broto System (lobe-and-related deposits), also including the Torla System 

(although not clearly differentiated in research papers), forms an elongate and ~1,000 

m thick sandbody that can be traced downcurrent to the area around Roncal, a distance 

of ~80 km. This system is dated as mid-Cuisian stage and lies immediately below the 

megaturbidites labelled MT-4 and above the MT-3 by Remacha et al. (2003) (Fig. 3.9; 

for megaturbidites see section 3.5.4). During deposition of the Broto System, the basin 

was narrow, elongate and relatively small (Barnes and Normark, 1985). Remacha et 

al. (2003) identified the transition from channel to lobe-and-related deposits as in the 

vicinity of town of Biescas. 

 

The Cotefablo System lies immediately above the Broto System and consists of a 

succession of sheet-like lobe-and-related deposits merging into basin floor deposits 

(Remacha et al., 2003) (Fig. 3.9). 

 

The Banastón System is amongst the most studied systems in the Jaca Basin. Remacha 

and Fernández (2003), using long distance bed-by-bed correlations (>30 km) 

following the main palaeocurrent direction down-basin, focussing work on the sheet-

like lobes and basin-floor deposits, mainly to investigate the detailed architecture and 

sedimentological features (Fig. 3.9). 
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The Jaca System contains the youngest fans in the Jaca Basin and is located in the 

southern part of the basin. The southern boundary is delimited by the Sabiñanigo 

fluvio-deltaic and carbonate-ramp deposits (Remacha et al., 2003) (Fig. 3.9). 

 

3.5.4 The megaturbidites in the Jaca Basin 

 

A distinctive feature in the Jaca Basin is the presence of several very thick carbonate 

megabreccias, also called “megaturbidites” from a few metres to >200 m thick. A total 

of nine megaturbidites have been recognised, named from MT-1 (the oldest) to MT-9 

(the youngest) (Fig. 3.9) (Labaume, 1983; Labaume et al., 1983). The most important 

one can be followed for ~135 km across the entire basin floor and lobe and-related-

related environments with a thickness up to 200 m (MT-5) (Fig. 3.2), and having an 

original volume probably >200 km3 (Payros et al., 1999). Component clasts are also 

impressive, some reaching several hundred metres in length. The carbonate 

megaturbidites of the Jaca Basin have been interpreted as forming due to episodic 

large-scale collapses of the northern and southern carbonate platforms (Johns et al., 

1981; Labaume et al., 1983, 1985, 1987; Séguret et al., 1984; Barnolas and Teixell 

1994; Payros et al., 1999). These megaturbidites provide useful marker beds for 

stratigraphic correlation. 

Some siliciclastics megaturbidites (>5 m thick) have also been observed in the 

Jaca Basin but until now they have not been documented. They show some 

amalgamation surfaces and reversed palaeoflow directions, typical of deflected flows. 

Some of them are included in the detailed sedimentary logs discussed in Chapter 6. 
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Figure 3.9: Geological map of the Jaca Basin. Redrawn and modified from Remacha 
et al., (2003). MT = Megaturbidites.  
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3.6 Correlation framework in the Ainsa and Jaca basins 

 

The post-depositional continued uplift of the Boltaña Anticline precludes any physical 

correlation between the deep-marine deposits in the Ainsa and Jaca basins. Several 

correlation frameworks exist but have arisen principally from various reports made in 

non-peer reviewed fieldtrip guidebooks (Mutti et al., 1985; Remacha et al., 2003), or 

magnetostratigraphy from the Jaca Basin, which has been extrapolated into the Ainsa 

Basin (Oms et al., 2003). Furthermore, there is disagreement between researchers 

about the names and divisions of the sandbodies, leading to a correlation framework 

that is both confusing and extremely complicated to summarise. 

Mutti et al. (1985) were amongst the first to present a correlation between the 

sandbodies of the Ainsa and Jaca basins. They correlated the oldest deep-marine 

systems of the Ainsa Basin with four systems in the Jaca Basin: the Fosado–Torla, 

Arro–Broto, Gerbe–Cotefablo, Banastón–Fiscal, and Ainsa–Jaca systems. In each 

system, the first name referred to the channelised sandbody of the Ainsa Basin, and 

the second name to the submarine-lobe sandbodies of the Jaca Basin. 

Remacha et al. (2003) renamed the Fiscal sandbody in the Jaca Basin as the 

Banastón System. This name is currently adopted in this study. Regarding these two 

correlations frameworks, there was no formal recognition of the Morillo and Guaso 

systems and/or any correlative lobe-and-related deposits in the Jaca Basin. 

Based on petrofacies analysis, Das Gupta and Pickering (2008) proposed a new 

correlation framework. They noted that the Fosado System (the oldest and smallest in 

the Ainsa Basin) has no petrographic equivalent in the Jaca Basin. They correlated the 

sandbodies as: Los Molinos/Arro–Torla, Gerbe–Broto, Banastón–Banastón, Ainsa–

Jaca and the Morillo/Guaso systems with the upper part of the Jaca System, known as 

the Rapitan deposits (Fig. 3.10). 

Based on palaeontological (calcareous nannofossil and larger benthic 

foraminifera) direct dating of the Ainsa submarine-fan and related systems, 

Scotchman et al. (2015) proposed the following correlation between the sandbodies 

of the Ainsa and Jaca basins where they included the deltaic deposits of the Sobrarbe 

and Escanilla formations: Fosado/ Los Molinos/Arro–Figols, Gerbe–Torla, Banastón–

Broto/Cotefablo, Ainsa/Morillo/Guaso – Banastón, and Sobrabe and Escanilla 

formations with the Jaca sandbodies. 
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Figure 3.10: Schematic stratigraphic summary of the Hecho and Montañana groups 
in the South Pyrenean foreland Tremp-Graus, Ainsa and Jaca basins. Modified from 
Das Gupta and Pickering (2008), and Scotchman et al. (2015). 
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3.7 New correlation for the Ainsa and Jaca basins 

 

Because of the current poor understanding of any correlation of the deep-marine 

systems between the Ainsa and Jaca basins, a new biostratigraphic study was 

undertaken based on calcareous nannofossil age analysis. During fieldwork in the Jaca 

Basin, 27 mudstone samples were collected within the detailed sedimentary logged 

sections and also immediately below the base of the submarine lobe sandbodies. 

 

3.7.1 Results of calcareous nannofossil age analysis in the Jaca Basin 

 

Calcareous nannofossil biostratigraphic range data are presented for the 27 mudstone 

samples (Table 3.1) (see section 2.8, for the methodology). Nannofossils are generally 

rare to common in the samples, moderately well preserved and the assemblages are 

relatively species rich, typically ranging from 15–48 different species. The most 

common nannofossils observed in the assemblages are Sphenolithus moriformis and 

Cyclicargolithus floridanus. Reworked Cretaceous nannofossils are also persistently 

present in the samples but they are easily distinguished from the in situ Paleogene 

fossils. Where nannofossils are rare this is due to dilution of the pelagic signal by 

clastic sedimentary particles. The biozonal marker species are rare but in this 

stratigraphic interval they are large and conspicuous. 

The nannofossil samples range in age from Zone NP14a (Ypresian) in the 

Broto System to Zone NP16 (Lutetian) in the Jaca System. Nannofossil zones and 

equivalent ages are reported in Table 3.1. 

The Broto System can be assigned to the NP Subzones NP14a and NP14b, 

giving an equivalent age of between ~48–46.29 Ma. The Cotefablo System can be 

assigned to the NP subzones NP14b through to NP15b, giving an equivalent age of 

~47.84–44.12 Ma. The Banastón System can be assigned to the NP subzone 15c 

through to the beginning of Zone NP16, giving an equivalent age of ~44.12–40.5 Ma. 

The Jaca System is assigned to the Zone NP16, equivalent in age to ~43–40.5 Ma. 

There is an overlap in age between the Broto and Cotefablo systems and 

between the Banastón and Jaca systems. As these results represent a preliminary study, 

a refined the age model will require more samples between these sandbodies. Figure 

3.11 summarises the age and thickness of the different sandbodies of the Jaca Basin. 



 
 

118 

 
Table 3.1: List of the samples and locations with their calcareous nannofossil zones 
and equivalent ages. 
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Suite Table 3.1 
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Figure 3.11: Age model for the different submarine lobe systems of the Jaca Basin 
and their associated thickness. Total thickness of the sandbodies are from Caja et al. 
(2010). 
 

 

3.7.2 Interpretation and correlation panel in the Ainsa and Jaca basins 

 
If one compares the new Jaca Basin age model with previous age models (Remacha 

et al., 2003; Oms et al., 2003), the boundary between the Banastón and Jaca systems 

in this revised age model is close to that obtained via palaeomagnetic studies (ibid.). 

However, the new nannofossil age analysis gives younger ages for the Broto and 

Cotefablo systems than in the studies of Remacha et al. (2003) and Oms et al. (2003) 

(Fig. 3.12). 
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Figure 3.12: Summary of the chronostratigraphic work undertaken in the Ainsa and 
Jaca basins showing inter-basin correlations. Results of this study are underlined in 
red. Modified from Scotchman et al. (2015). 
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Several age models have been produced for the Ainsa Basin (Mutti et al., 1985; 

Holl and Anastasio, 1993; Bertham and Burbank, 1996; Payros et al., 2009; Mochales 

et al., 2012; Scotchman et al., 2015; Cantalejo et al., 2020, in review). Here, a 

comparison is made between the age model for the Jaca Basin with the more recent 

age model for the Ainsa Basin based on biostratigraphy and magnetostratigraphy from 

Cantalejo et al. (2020a, in review) (Fig. 3.13). From the study by Cantalejo et al. 

(2020a, in review), the Gerbe I and II fans appear to correlate with the Broto submarine 

lobe-and-related deposits in the Jaca Basin. However, the boundary between the Broto 

and Cotefablo sandy fans is not clearly defined by the new age model, because there 

is an age overlap with the top of the Broto System estimated at 46.29 Ma and the base 

of the Cotefablo System at 47.84 Ma. The Banastón I to VI fans, as well as the Ainsa 

I, II and III systems in the Ainsa Basin, are equivalent to the submarine lobe-and-

related deposits of the Cotefablo System. The Morillo System in the Ainsa Basin 

appears to be equivalent to the oldest submarine lobe-and-related deposits of the 

Banastón System in the Jaca Basin. In the new age model presented here, the Guaso 

System in the Ainsa Basin is equivalent to the younger submarine lobe-and-related 

deposits of the Banastón System and to the lobe-and-related deposits of the Jaca 

System in the Jaca Basin. The boundaries defined between the Banastón and Jaca 

sandbodies in the Jaca Basin do not correlate in age with those between the sandbodies 

in the Ainsa Basin. Furthermore, there is an age overlap between the Banastón and 

Jaca systems, with the top of the Banastón System at 40.5 Ma and the base of the Jaca 

System at 43 Ma. Boundaries between the systems in the Jaca Basin based on the map 

of Remacha et al. (2003), may require remapping for any further age dating of 

sandbodies in the Jaca Basin. 
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Figure 3.13: Correlation framework between the submarine canyons/channels of the 
Ainsa Basin and the submarine lobe-and-related deposits of the Jaca Basin. Age of the 
sandy fans of the Ainsa Basin are from Cantalejo et al. (2020a, in review). Dashed 
lines represent the potential boundary, when there is an age overlap in the new age 
model. B=Banastón System (in the Ainsa Basin); A=Ainsa System. 
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In conclusion, this preliminary study and correlation framework with a new 

age model based on calcareous nannofossil biostratigraphy for the Jaca Basin provides 

somewhat unexpected results, and should be the basis for further in-depth 

biostratigraphy to refine the existing age model.  

Chapter 7 of this thesis contains a comparative evaluation of the flow processes 

in the Ainsa and Jaca basins. However, without further mapping and sampling for age 

dating, detailed correlation between the sandbodies of the Ainsa and Jaca basins 

remain somewhat speculative. Therefore, any comparison between deposits of the 

Ainsa and Jaca basins is based on the depositional environments, i.e., mid-lower slope 

or proximal basin-floor environments in the Ainsa Basin and lobe-axis, off-axis and 

fringe environments in the Jaca Basin. 

 

3.8 Sediment accumulation rate in the Jaca and Ainsa basins 

 

Based on the new age model of Cantalejo et al. (2020a, in review), sediment 

accumulation rates (SARs) for the Gerbe, Banastón, Ainsa, Morillo and Guaso 

systems were calculated. The relative thickness of each system is taken from 

Scotchman et al. (2015). The Gerbe System shows a relative accumulation rate of ~12 

cm/kyr. The Banastón System demonstrates relatively high SARs of 100 cm/kyr. The 

Ainsa System shows SARs of ~29 cm/kyr. The Morillo System has SARs of ~31 

cm/kyr, and the Guaso System has SARs of ~10 cm/kyr. The mean SAR in the Ainsa 

Basin is ~36.4 cm/kyr. 

 

Based on the age model for the Jaca Basin that is proposed here, and using the 

relative total thickness for each sandbody as given by Caja et al. (2010), SARs for the 

four systems of the Jaca Basin were calculated. From the calcareous nannofossil 

analysis, the Broto System was deposited from ~48.8–47 Ma. The total thickness of 

the Broto System is estimated to be ~700 m, leading to a SAR of ~38 cm / kyr. The 

total thickness of the Cotefablo is estimated to 1,000 m, deposited from ~47–44.2 Ma, 

with a SAR calculated at ~35 cm/kyr. The Banastón System was deposited from 

~44.12–43 Ma, with a total thickness of ~1,000 m, giving a SAR of ~83 cm/kyr. For 

the Jaca System, it was deposited from ~43–40.5 Ma, with a total thickness of ~700 
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m and a calculated SAR of ~28 cm/kyr. The average of SAR in the Jaca Basin is ~46 

cm/kyr. 

Results of the calculation of SARs for the Ainsa and Jaca basins are shown in 

Figure 3.14. The Gerbe System shows a relatively low SAR (12 cm/kyr), where 

volumetrically most of the sediment accumulated in the Broto lobes (38 cm/kyr). 

There is an abrupt increase in the SARs in the Banastón System in the Ainsa Basin, 

and one might anticipate a consequent decrease in SARs in the Cotefablo System. 

However, the age boundary between the Broto and Cotefablo systems is unclear, 

something that might explain why there is no consequent change in SARs between the 

Broto and Cotefablo lobe-and-related deposits in the Jaca Basin. During the deposition 

of the Ainsa System and the upper lobe-and-related deposits of the Cotefablo System, 

the two basins were receiving relatively the same sediment amount, because the SARs 

are similar between the Ainsa System (29 cm/kyr) and Cotefablo System (35 cm/kyr). 

The Morillo and Guaso systems show a relative decrease in SARs (31 cm/kyr and 10 

cm/kyr, respectively), whereas there is a sharp increase in SARs in the Banastón (83 

cm/kyr) and Jaca (28 cm/kyr) lobe-and-related deposits of the Jaca Basin. This 

observation might be due to substantial sediment bypass in the Ainsa Basin, with most 

of the sediments being deposited in the Banastón and Jaca submarine lobes in the Jaca 

Basin. 

A general higher mean SAR is observed in the submarine lobes of the Jaca 

Basin, because of a high degree of sediment bypass in the submarine canyons / 

channels of the Ainsa Basin. However, there is an exception in the Banastón System 

of the Ainsa Basin, where sediment tended to accumulate in the submarine 

canyons/channels rather than in the lobe-and-related deposits of the Jaca Basin. 
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Figure 3.14: Estimated sediment accumulation rates (SARs) for the Ainsa Basin (blue 
line) and Jaca Basin (red line). The age of the Ainsa Basin sandbodies are taken from 
Cantalejo et al. (2020a, in review). Estimated thicknesses of the sandbodies for the 
Ainsa Basin are from Scotchman et al. (2015). Estimated thicknesses for the 
sandbodies in the Jaca Basin are from Caja et al. (2010). 
 

 

3.9 Water depth and slope gradient in the Ainsa and Jaca basins 

 

The water depth in the Ainsa Basin has been estimated based on micropalaeontological 

and palynological analysis. The majority of the recognised foraminifera species are 

typical of mid-bathyal water depths (~500 m) with some lower bathyal species such 

as the Nuttalides, that show evidences of water depth ranging from ~500–1,000 m 

depth (Pickering and Corregidor, 2005). These analyses combined with estimation of 

basin slope gradients, the bathyal depths during deposition of the Hecho deep-marine 

systems in the Ainsa Basin are estimated to be ~400–600 m (Pickering and Corregidor, 
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2005). However, it is important to take into consideration that the slope basin, located 

above the Montsec ramp may have undergone episodic tectonic activity, inducing 

changes in the water depth. Therefore, water depth in the mid-slope and lower-slope 

environment of the Ainsa Basin is estimated to range from ~200 m to ~400 m. In the 

proximal basin-floor environment of the Ainsa Basin, water depth is predicted to vary 

from ~400 m to ~600 m. 

The palaeodepth in the Jaca was estimated based on the analysis of the planktic 

foraminifer content. The estimated water depth ranges from 500–1,500m (Orue-

Etxebarria and Lamolda, 1985; Payros et al., 2003, 2006). Based on the analysis of 

benthic foraminifera, Mutti et al. (1972) suggested a water depth ranging from 600 to 

2,000 m. However, the deepest part of the basin, i.e., the Pamplona and Bay of Biscay 

area, are not part of this study. Therefore, the maximum palaeodepth in the Burgui 

area (most distal area studied in the Jaca Basin, in this thesis) is estimated ranging 

from ~800 m to ~1,500 m. 

Based on the water depth and the basin length, an estimated slope gradient in 

the mid/lower slope and proximal basin-floor environment of the Ainsa Basin and in 

the distal basin floor of the Jaca Basin is calculated using a simple trigonometric 

calculation (Equation 2). In the mid-lower slope environments of the Ainsa Basin, 

estimated water is assessed to be ~400 m and basin length (calculated from the 

Mediano Anticline) ~10,000 m, therefore, 

 
Equation 2 

       
For a water depth of ~200 m, slope gradient is predicted to be ~1.1°. Slope gradient in 

the mid- and lower-slope environment of the Ainsa Basin is estimated to range from 

~1.1° to ~2.3° (Fig. 3.14). Based on the same calculation, slope gradient in the 

proximal basin-floor environment with a water depth ranging from 400 m to 600 m 

and a basin length of 15,000 m (calculated from the slope to proximal basin-floor 

environment transition zone to the Boltaña Anticline) is assessed to vary from ~0.8° 

to ~1.5° (Fig. 3.14). In the most distal part of the Jaca Basin studied in this project, the 

water depth is likely to range from ~800 m to 1,500 m, with a basin length of ~90,000 

m (from the Boltaña Anticline to Burgui Village), therefore the slope gradient is 
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predicted to vary from ~0.5° to ~0.9° (Fig. 3.14). From literature, it was postulated 

that submarine flows should be supercritical for a slope > 0.5° (Komar, 1971). 

Calculated slope gradients in the Ainsa Basin are largely above the critical value of 

0.5°, hence, flows are expected under supercritical conditions. In the Jaca Basin, 

calculated slope gradient is closed from the critical value of 0.5°, therefore a moderate 

amount of SFDs are expected in the Jaca Basin. 

 

 

 
Figure 3.15: Schematic illustration of the palaeo-water depth, basin length and 
estimated slope gradient in the mid-, lower-slope and proximal basin-floor 
environments of the Ainsa Basin and in the lobe environments of the Jaca Basin during 
the Middle Eocene.  
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Chapter 4  
 

 

FACIES ASSOCIATIONS RELATED TO SFDs 

 
 

 

4.1 Introduction 

 

In the Ainsa and Jaca basins, a wide range of supercritical-flow bedforms and 

sedimentary structures were observed in the deep-marine deposits. This chapter aims 

to classify the different bedforms and sedimentary structures observed in the Ainsa 

and Jaca basins, in term of hydrodynamics. This chapter is divided in three parts.  

In the first part, a description and a hydrodynamic interpretation are presented 

related to the bedforms classified as erosional coarse-grained supercritical-flow 

bedforms.  

The second part of the chapter is dedicated to the description and interpretation 

of the bedforms categorised as depositional fine-grained supercritical-flow bedforms.  

The last part of the chapter focusses on the sedimentary structures developed 

under supercritical-flow conditions.  

At this point of the thesis, it is important to state the difference between the 

terms “bedform” and “sedimentary structures”, two terms used to describe deposits. 

From literature, all “bedforms” are “sedimentary structures”, however not all 

“sedimentary structures” are “bedforms”. In this thesis, the term “sedimentary 

structures” is used to describe the internal architecture of a bedform. The term 

“bedform” is used to describe the entire bed, including its dimension, shape as well as 

its internal architecture (sedimentary structures). In case of poor lateral exposure, it is 

not possible to analyse the entire bedform, therefore, criteria to recognise and interpret 
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the sedimentary structures (internal architecture) developed under supercritical-flow 

conditions, were established (section 4.4).  

Bedforms and sedimentary structures are always described parallel to the main 

palaeoflow. 

Parts of this chapter is based on the paper Cornard and Pickering (2019) 

published in Journal of Sedimentary Research.  

 

4.2 Erosional coarse-grained supercritical-flow bedforms 

 

4.2.1 FA1a: Metre-scale scours and backfilling structures 

 
Description 
 
Scours are from 2–5 m long and 1–2 m deep and are asymmetric with a high angle 

(15–20o) in the upstream side and low angle (5–10o) in the downstream side, filled 

with pebbly sandstones and graded stratified sandstones. The pebbly sandstones at the 

bases of the scours show considerable thickness variation, between 20 and 70 cm. 

Representative examples of these scour infills are shown in Figures 4.1A and 4.1B. 

Figure 4.1A shows an infill dominated by pebbly sandstones (Facies Group B1 of 

Pickering and Hiscott, 2016) and graded stratified sandstones (Facies Group C2 of 

Pickering and Hiscott, 2016). These deposits show convex-upward gently-dipping 

backset stratification underlain by subrounded to well-rounded pebbles (size range 3–

15 cm) and angular mudclasts with some imbrications showing upflow-inclined a-b 

planes. Graded stratified sandstones, observed at the top of scours, show convex-

upward backset lamination that may be underlain by, and incorporate, mudclasts (1–5 

cm) with a progressive transition to planar-parallel lamination at the top. Figure 4.1B 

shows a scour infill dominated by graded pebbly sandstones observed at the base of 

the scour and graded stratified sandstones above (Facies Group A2 and B2 of 

Pickering and Hiscott, 2016). Convex-backset lamination in the pebbly sandstones are 

underlain by pebbles and angular mudclasts. At the transition between the deposits, 

there is a reduction in grain size and in the amount of pebbles and mudclasts. Only the 

convex-upward backset lamination observed at the base of graded stratified 

sandstones are underlain by pebbles and mudclasts. 
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Figure 4.1: (A) FA1a metre-scale scours and backfilling structures. Outcrop in the 
Ainsa Quarry, basal part of Ainsa I Fan (lower-slope channel-axis environments). 
Spoon-shaped scour filled by discrete SGF deposits. At the base if the scour, 
concentrated density-flow deposits showing convex-backset lamination underlain by 
pebbles and mudclasts. (B) FA1a metre-scale scours and backfilling structures. 
Outcrop in the Ainsa Quarry, Ainsa I Fan (lower-slope channel-axis environments). 
Asymmetric scour filled by a single SGF event. Scour surface outlined by a red thick 
line to show the erosion surface. At the base of the scour, there are concentrated 
density-flow deposits with convex-backset lamination. There is an upward change 
from concentrated density-flow deposits to turbidites with a progressive reduction in 
sand grain size and a reduction in the proportion of outsize clasts. Convex-backset 
lamination observed at the base of the turbidites is underlain by pebbles and mudclasts. 
At the top of the turbidites, there is a progressive transition from convex-backset 
lamination to parallel and foreset lamination. 
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Interpretation 
 
Pebbly sandstones and graded stratified sandstones are interpreted as concentrated 

density-flow deposits and turbidites, respectively. The asymmetric scour shape 

associated with convex-upward backset lamination suggests the presence of a 

hydraulic jump, with the upstream migration of the hydraulic jump eroding the 

upstream side and depositing on the downstream side (Postma et al., 2016; Cartigny 

et al., 2014; Lang et al., 2017a; Ono and Plink-Björklund, 2017). The convex-upward 

backset lamination can be interpreted to preserve the migration of hydraulic jump in 

an upflow direction (Jopling and Richardson, 1966; Macdonald et al., 2009; Ito et al., 

2014).  

In Figure 4.1A, the scour infill shows an abrupt vertical transition from a 

concentrated density-flow deposit and an immediately overlying turbidite. Convex-

upward backset lamination is consistent with the concentrated density flow and 

turbidity current having undergone a hydraulic jump. It is difficult to discern how 

many flow events infill the scour. One hypothesis involves infill of a scour by one 

discrete flow event undergoing a transition between a concentrated density flow and a 

turbidity current while going through a hydraulic jump. Due to the initial flow 

undergoing a hydraulic jump, there was rapid deposition of most of the bedload, in 

turn leading to a decrease of flow density and concentration, then leading to a flow 

transformation from a concentrated density flow into a more dilute SGF (turbidity 

current), all within the zone of a hydraulic jump (Weirich, 1988). This transition must 

have been quite rapid, because the physical transition between the two deposits is 

abrupt. An alternative hypothesis is that the infill of the scour was from two discrete 

flow events - first a concentrated density flow undergoing a hydraulic jump and 

depositing its bedload, followed by a turbidity current that also underwent a hydraulic 

jump. The absence of a scour at the base of the upper turbidite leads us to prefer the 

first hypothesis. Pebbles and angular mudclasts underlying the convex-backset 

lamination suggest the action of erosive concentrated density flows and turbidity 

currents associated with increased turbulence due to hydraulic jumps (Komar, 1971; 

Garcia and Parker, 1989; Garcia, 1993; Ito et al., 2014). Furthermore, erosion could 

have happened before the hydraulic jump, due to increased shear stresses associated 

with faster and thinner supercritical flow on the lee side of the bedform, also 

incorporating angular mudclasts into the flow (Vellinga et al., 2017). Planar-parallel 
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lamination observed in the deposits infilling the uppermost part of the scours can be 

interpreted as the Tb division of the Bouma sequence, covering the hydraulic-jump 

deposits (convex-upward backset lamination) interpreted here as the Ta division of the 

Bouma sequence (Postma et al., 2009). 

In Figure 4.1B, the transition between a concentrated-density-flow deposit and 

the overlying turbidite can be explained by a progressive transition between a 

concentrated density flow into a turbidity current while the flow is undergoing the 

hydraulic jump (Weirich, 1988), as explained in the first hypothesis for the first 

example of a scour infill (above). 

These metre-scale scour-and-fill structures are interpreted as candidate large-

scale cyclic-step deposits (Postma et al., 2014, 2016; Lang et al., 2017a; Ono and 

Plink-Björklund, 2017). The presence of angular mudclasts underlying and within the 

convex-backset lamination suggests erosional hydraulic-jump zones, where intense 

turbulence with upward flow migration triggers liquefaction and probably rip-up of 

the unconsolidated substratum (Komar, 1971; Lennon and Hill, 2006; Postma et al., 

2009, 2014; Ito et al., 2014; Lang et al., 2017a). Their presence might argue for a train 

of scours where the mudclasts are incorporated into a highly erosive flow to be rapidly 

deposited in successive (down-flow) scours, i.e., the mudclasts have not come from 

the scour in which they sit but rather upflow scours and erosion such as might be 

expected in cyclic steps. 

Only isolated scour and backfilling structures have been observed in the Ainsa 

Basin. Limited exposure is likely the best explanation for this observation. It is also 

possible that with larger outcrops in a downflow direction trains of scours might well 

have been observed. In other outcrop studies, where scour-and-fills are interpreted as 

cyclic-step deposits, only isolated scour-and-backfilling structures have been observed 

(Postma et al., 2016; Lang et al., 2017a, Ono and Björklund, 2017) due to the poor 

preservation of these bedforms, which depend on both the magnitude of the SGFs and 

net sediment aggradation rates (Hage et al., 2018). 
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4.2.2 FA1b: Centimetre-scale scours and backfilling structures 

 
Description 

 

The main difference between the FA1a and FA1b is the scale of the scours. Scours of 

FA1b are characteristically 30–80 cm long and 20–50 cm deep and show an 

asymmetric shape. These spoon-shaped scours are filled by thick- to thin-bedded, fine- 

to coarse-grained sandstones. As in FA1a, two types of scour infills are observed. In 

the first case, sandstone beds show a progressive transition from convex-backset 

lamination to longer and less inclined backsets, to planar-parallel lamination at the top 

of the deposits (Fig. 4.2A). In the second case, different angles are observed in a 

succession of stacked deposits showing convex-backset lamination (Fig. 4.2B). A 

break in the angle of convex-backset lamination is seen from long inclined backset 

lamination to high-angle convex-backset lamination. Each set of backsets is normally 

graded with an abrupt transition from fine- to coarse-grained sandstones between the 

set of backset lamination. No planar lamination was observed between two sets of 

convex-backset lamination, but planar-parallel lamination are observed at the top of 

the bedforms. In some cases, the convex-backset lamination are underlain by angular 

mudclasts. 

 
Figure 4.2: (A) FA1b centimetre-scale scour-and-backfilling structures. Outcrop 
along Barranco Royo in the Ainsa I Fan (lower-slope channel-axis environments). 
Centimetre-scale scour filled by medium-bedded, medium-grained sandy turbidites. 
Backset lamination underlain by centimetre-scale mudclasts is present at the base of 
the deposit with a progressive transition to parallel lamination at the top. (B) FA1b 
centimetre-scale scour-and-backfilling structures. Outcrop in the Banastón III Fan 
(proximal basin-floor channel-axis environments) near San-Miguel Church, San 
Vicente Village. Centimetre-scale scour is filled by several SGF events. Turbidites 
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showing two sets of backset lamination with varying dips from low-angle long backset 
lamination (in blue), to higher-angle convex-backset lamination (in red). 
 

Interpretation 

 

As in FA1a, the asymmetric shape associated with convex-backset lamination of the 

scour implies the occurrence of a hydraulic jump (Postma et al., 2016; Cartigny et al., 

2014; Lang et al., 2017a; Ono and Plink-Björklund, 2017). The presence of convex-

upward lamination suggests an upstream migration of a hydraulic jump in the flow 

where the backset lamination are formed downstream of the upstream-migrating 

hydraulic jump (Jopling and Richardson, 1966; Macdonald et al., 2009; Ito et al., 

2014; Postma et al., 2014). Both types of scour infill show a progressive decrease in 

grain size, and these deposits are interpreted as turbidites. In the first type, the scour 

is infilled by one discrete turbidity current, and the progressive transition from convex-

backset lamination to long-backset and planar-parallel lamination is probably 

explained by the reduction of average grain size, flow velocity, and bedload discharge 

(Massari and Parea, 1990; Massari, 1996). In the second case, the scour is filled by 

different turbidity-current deposits created during several hydraulic jumps. When the 

flow undergoes a hydraulic jump, it erodes the convex-backset lamination of the 

underlying deposits, thereby explaining the backset lamination with varying internal 

angles. The lack of planar-parallel lamination at the top of the initial deposit can be 

explained by a reworking of planar-parallel lamination by a subsequent flow event 

into convex-backset lamination while the flow undergoes a hydraulic jump. 

These centimetre-scale scour-and-fill structures are interpreted as candidate 

small-scale cyclic steps. The dimension of cyclic steps depends on the flow discharge, 

flow depth, slope, grain size, and thickness of the dense basal layer (Postma and 

Cartigny, 2014), therefore, the wavelength of cyclic steps can form at any length from 

tens of metres to several kilometres (Kostic and Parker, 2006; Lamb et al., 2008; 

Spinewine et al., 2009, Hughes Clarke, 2016). In the case of FA1b, infills are mainly 

turbidites, whereas infills of FA1a are both concentrated density-flow deposits and 

turbidites; therefore, the type of SGF might have had an influence on the scale of the 

scour. Structures of FA1b appear very similar to the high-angle cross-stratified 

sandstone infilling a small-scale scour, forming a downflow-lengthening set, as 

described by Arnott and Al-Muffi (2017). However, the palaeoflow direction is 180° 
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to that inferred in the Ainsa Basin, therefore leading us to a very different 

interpretation for bedform formation. 

 

4.3 Depositional fine-grained supercritical-flow bedforms 

 

4.3.1 FA2a: Upflow dipping sandstone lenses 

 
Description 

 

FA2a is characterised by upflow-dipping lenticular sandstone beds. Lenses are thin- 

to medium-bedded, medium- to fine-grained sandstone. Lenses vary from 50 cm to 4 

m long. Lenses can occur as a train of solitary lenticular bedforms (Fig. 4.3A), or as 

vertically stacked lenses in an upflow direction (Figs 4.3B,4.3C). Within an individual 

lens, the inclination of the lamination varies widely, from convex upward in the 

upstream side to foreset dipping in the downstream parts. Generally, a structureless 

mudstone layer is observed at the top of the train of the solitary lenses. In stacked 

lenses, truncation and scour surfaces are observed at a decimetre scale. Most of the 

lamination is observed at the top of the lenses, whereas strata in the lower part are 

structureless. At outcrop, lenses can have a concave (Fig. 4.3B) or convex-up (Figs 

4.3A, 4.3C) shape. 

  

Interpretation 

 

Upflow-dipping lenticular bedforms with variable internal architecture (backset to 

foreset) are interpreted as antidunes deposits (e.g., Cheel, 1990; Alexander et al., 2001; 

Cartigny et al., 2014; Ono and Plink-Björklund, 2017). Based on bedform descriptions 

in flume experiments by Cartigny et al., (2014), FA2a is interpreted as candidate 

unstable antidune deposits. The multiple truncations observed are interpreted as 

having been produced by the upstream migration of a surge, eroding and forming the 

lenticular shape. Depending upon how far the surge migrates, sediments are deposited 

on the stoss side of the lens, forming backset lamination, then due to a pulse in the 

flow, the surge is flushed downstream, reworking the top of the lenses into foreset 

lamination (Cartigny et al., 2014). Depending on the amount of sand supplied to the 
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depositional surface, this facies association occurs either as solitary lenses or upflow-

stacked centimetre-scale lenses. The structureless mud cap observed at the top of the 

train of solitary lenses is likely explained by the high mud content. One hypothesis 

could be that the solitary lenses are mainly formed within the basal layer of the SGF. 

The main body of the SGF could have had a high concentration of suspended mud, 

creating a mud drape at the top of the solitary lenses, also suggesting that the flow may 

have been stratified. 

 

 
Figure 4.3: (A) FA2a train of solitary bedform. Outcrop in the Gerbe II Fan (mid-
slope channel-axis environments) near Gerbe Village. Trains of symmetric lenticular 
bedforms with a structureless mud cap are observed. Each bedform is 1–6 m long and 
30–50 cm thick. Some lenses are stacked, which can be interpreted as successive 
discrete SGF deposits. The lens observed at the right of the picture is interpreted as 
FA1a representing a part of a large-scale cyclic step. (B) FA2a upflow-dipping 
centimetre-scale lenticular beds. Outcrop in the Ainsa III Fan (lower-slope channel-
axis environments) along Rio Buchosa. In this case, lenses with a concave-up shape 
can reach 1 m long. They show a large variability in the dip of lamination from 
backset, sub-planar parallel to foreset lamination. Many truncation surfaces are also 
observed. (C) FA2a upflow-dipping centimetre-scale lenticular beds. Outcrop in the 
Ainsa III Fan (lower-slope channel-axis environments) along the Rio Buchosa. 
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Stacked lenses with a convex-up shape, varies between 10 and 30 cm thick, normally 
graded, medium- to fine-grained sandstones. Most of the lenses are structureless at the 
base and show backset lamination at the top; some lenses show foreset lamination at 
the top with truncation surfaces. 
 
 

4.3.2 FA2b: Upflow-stacked wavy bedforms 

 
Description 

 

 FA2b is characterised by medium- to thick-bedded, medium- to coarse-grained 

sandstones showing wavy bedforms. Their wavelength is irregular and varies from 70 

to 380 cm. Depending on the outcrops, wavy bedforms show varying amplitudes, from 

high-amplitude waveforms (10–20 cm from the bottom of the scour to the top of the 

bedform crest) (Figs 4.4A, 4.4B) to low-amplitude wave (5–10 cm), thereby making 

them hard to observe in many outcrops. Troughs at the top of the bedform have an 

asymmetric shape with a steep lee side and a gently inclined stoss side and are filled 

by structureless mudstones or sandstones. The internal architecture exhibits a large 

variation in the dip of laminae from convex-backset, subhorizontal to foreset 

lamination. These types of lamination are developed at the tops of the bedforms. The 

bottom part of the bedform is characterised by a structureless deposit or backset 

lamination. 

 

Interpretation 

 

As observed in FA2a, the presence of convex-backset and foreset lamination suggests 

that deposition was under supercritical-flow conditions (Alexander et al., 2001; 

Spinewine et al., 2009; Cartigny et al., 2014). The scale, wavelength and internal 

structures are consistent with the interpretation as unstable-antidune deposits 

(Cartigny et al., 2014). Unstable-antidune deposits of FA2a and FA2b have different 

shape and thickness. These differences can be explained by the strength of the 

upstream-migrating surge. The surge in FA2a has to be strong enough to erode and 

scour the sediment located upstream to create a lenticular shape to the bed. In FA2b, 

the upstream-migrating surge is weaker than for the unstable antidunes of FA2a, and 
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produces troughs only at the tops of the bedforms. Structureless mudstone or 

sandstone infilling a trough is interpreted to represent deposition of the remaining part 

of the flow or a later flow. 

 

 

 

 
Figure 4.4: (A) FA2b upflow-stacked wavy bedforms. Outcrop in the Banastón VI 
Fan (proximal basin-floor channel-axis environments). This bedform is characterised 
by a high-amplitude waveform with a wavelength of ~ 2.5 m. The base of the bedform 
is structureless and the top shows a large variation in the dip of lamination. Troughs 
at the top of the bedform are filled by structureless mudstones and sandstones. (B) 
FA2b upflow-stacked wavy bedforms, Banastón V Fan in the Usana Quarry (lower-
slope environment). Bedform wavelength is irregular, between ~ 1.5 to 2 m. Bedform 
is lensing towards ESE. Troughs at the top of the bedform are also filled by 
structureless mudstones and sandstones. 
  



 
 

140 

4.3.3 FA3: Upflow-stacked sigmoidal bedforms 

 
Description 

 

FA3 is characterised by metre-scale sigmoidal bedforms. The term sigmoidal is used 

to define the shape of a bedform that has an “S” form. Upflow-stacked sigmoidal beds 

are medium- to thick-bedded, medium- to coarse-grained sandstone 2–6 m long (Figs 

4.5A, 4.5B, 4.5C). Sigmoidal bedforms show characteristic variation from 

structureless sandstone in the lower part of a bed to normally graded low-angle 

convex-backset lamination at the top of a bed on the upstream sides of bedforms. The 

downstream side of the bedform shows subhorizontal lamination and foreset low-

angle lamination. 

 

Interpretation 

 

As in FA2a and FA2b, the presence of backset lamination and convex-upward 

lamination suggest deposition under supercritical-flow conditions (Alexander et al., 

2001; Spinewine et al., 2009; Cartigny et al., 2014). Upflow-stacked bedforms suggest 

upflow bedform migration. Upflow-stacked bedforms together with convex-backset, 

foreset, and subhorizontal lamination are interpreted as deposition from upstream-

migrating stable antidunes (Lang et al., 2017a). 
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Figure 4.5: (A) FA3 upflow-stacked sigmoidal bedforms. Outcrop in the Ainsa II Fan 
(lower-slope channel-axis environments) along Barranco Forcaz. This upflow-stacked 
sigmoidal bedform is thick-bedded, coarse- to medium-grained sandstones, with a 
structureless base and a large variability in the dip in the lamination from backset, sub-
planar parallel to foreset lamination at the top. (B) FA3 upflow-stacked sigmoidal 
bedforms. Outcrop in the Banastón II Fan (proximal basin-floor channel off-axis 
environment). The bedform located at the base of the outcrop, is medium-bedded, 
medium- to fine-grained sandstones, with a structureless base and a progressive 
transition to backset bedding at the top. (C) FA3 upflow-stacked sigmoidal bedforms. 
Outcrop in the Morillo II Fan (lower-slope environment). Although the Morillo 
System is not documented in detail in this study, it shows very good examples of 
supercritical-flow bedforms. This upflow-stacked bedform is thick-bedded, coarse- to 
medium-grained sandstones, showing mainly backset lamination from the base to the 
top of the bedform. Ripple cross lamination is observed at the top. 
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4.3.4 FA4: Plane beds 

 
Description 

 

Plane bed occurs as very thin- to thick-bedded, very fine- to medium-grained 

sandstones that show planar-parallel lamination (Figs 4.6A, 4.6B). Beds show a sharp 

base with palaeoflow indicators as flutes or grooves. Planar-parallel lamination may 

occur at the bottom and/or top of a bed. Where they occur in the lower part of a bed, 

they are typically underlain by mudclasts and pebbles (<1 cm). In most cases, ripple 

cross-lamination overlies the plane beds. Due to poor exposure, it is difficult to follow 

plane beds for lateral distances greater than approximately 10 m. 

Observations of planar-parallel lamination in the Ainsa System in Well L2 core 

from the Ainsa Basin were undertaken (see well location in Pickering et al., 2015) 

(Fig. 4.7A). No mineral segregation was observed. However, lamination is visible 

because of grain-size segregation (Fig. 4.7C), with the coarsest grains forming the 

laminae. In some cases, it is possible to observe grain imbrication in these laminae 

(upflow-dipping a-b planes) (Fig. 4.7B). Each lamina is separated by the structureless 

finest grain size. 

 
Figure 4.6: (A) FA4 plane beds. Outcrop in Banastón V Fan (proximal basin-floor 
channel-axis environments), road section, Boltaña. This medium-bedded, medium- to 
fine-grained sandstones shows planar-parallel lamination throughout the bed. (B) FA4 
plane beds. Outcrop in the Banastón III Fan (proximal basin-floor channel-axis 
environments). Medium-bedded, medium- to fine-grained sandstones with planar-
parallel lamination throughout most of the beds but with ripple lamination at the top. 
In this example, planar-parallel lamination is easier to observe due to the presence of 
a shear fabric. 
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Interpretation 

 

Plane-bed deposits described above are interpreted as having formed under upper-

flow-regime (UFR) conditions (supercritical flow). There is considerable 

disagreement amongst researchers over UFR plane-bed formation, i.e., if UFR plane 

beds are formed under supercritical-flow or subcritical-flow conditions. UFR plane 

beds can be found in three supercritical-flow bedforms: the very low-amplitude 

bedforms (in-phase bed), in plane bed under slow aggradation rates (Allen, 1984; 

Paola et al., 1989; Cheel, 1990) and on the stoss sides of cyclic-step bedforms (Postma 

and Cartigny, 2014). Fielding (2006) asserted that plane beds with a grain size from 

very fine- to medium-grained sandstones formed under supercritical-flow conditions 

(UFR). Tilston et al. (2015) suggest that formation of plane beds may be related to 

how sediment is distributed in the flow. 

Observation of planar-parallel lamination in Well L2 core show grain-size 

segregation and grain imbrication interpreted as a shear fabric created during flow 

(laminar sheared layer), possibly criteria for supercritical-flow conditions (cf. Paola et 

al., 1989; Sumner et al., 2008). 

Ripple cross-lamination is observed at the tops of upper-plane beds, showing 

flow deceleration to produce bedforms formed by tractional reworking of fine-grained 

sediment (Sumner et al., 2008). As in many previous studies, there is an absence of 

dunes between the upper-plane beds and the ripple cross-lamination (for a discussion 

of this issue and possible explanations, see section 1.5.7 in Pickering and Hiscott, 

2016). 

The interpretation of upper-plane bed in terms of facies association requires 

some discussion, because they could be observed in many of the facies associations 

described above (FA1a, FA1b, FA2a, FA2b or FA3). Plane beds observed over lateral 

distances > ~ 10 m can be interpreted as UFR plane beds. Where the lateral exposure 

is more limited (< ~ 10 m), it is difficult, if not impossible, to interpret plane beds as 

FA4 because they could be part of another supercritical-flow bedform described above 

(e.g., long-wavelength antidunes – FA2a, FA2b, and FA3 - or on the stoss sides of 

cyclic steps – FA1a). 
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Figure 4.7: (A) Detailed sedimentary log of core 65 – Well L2. (B) Close-up picture 
of planar-parallel lamination observed in core 65 – Well L2, showing grain 
imbrication. (C) Close-up picture of planar-parallel lamination observed in core 65 – 
Well L2, showing grain size segregation, typical of a shear fabric. 
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4.4 Supercritical-flow sedimentary structures 

  

In some cases, due to poor outcrop exposure, it was difficult to observe entire (3-D) 

supercritical-flow bedforms. Therefore, criteria to interpret sedimentary structures 

formed under supercritical-flow conditions were developed. These sedimentary 

structures are interpreted to be part of supercritical-flow bedforms such as candidate 

FA1a, FA1b, FA2a, FA2b, FA3 and FA4. Three sedimentary structures are interpreted 

as deposited under supercritical-flow conditions. 

 

4.4.1 Backset lamination 

 
Low- to high-angle backset lamination are commonly related with upstream-migrating 

bedforms such as antidunes (Middleton, 1965; Normark et al., 1980). Backset 

lamination is most commonly associated with planar-parallel lamination (Tb division) 

located below or above backset lamination (Figs 4.8A and B). In some bedforms, 

alternating backset and planar-parallel lamination was observed (Fig. 4.8C). These 

vertically-alternating sedimentary structures could indicate a high degree of shear, 

typical of deposition under supercritical-flow conditions. 

 

4.4.2 Planar-parallel lamination 

 
Planar-parallel lamination can develop under supercritical-flow conditions. Diffuse 

planar-parallel lamination showing a shear fabric, e.g., with grain-size and mineral 

segregation and imbrication, are interpreted as likely formed under supercritical-flow 

conditions (cf. Paola et al., 1989; Sumner et al., 2008). In most cases, the planar-

parallel lamination can be interpreted as the Bouma Tb division in turbidites (cf. 

traction carpet of Hiscott, 1994 and Postma et al., 2009). Skipper (1971) and Walker 

(1965) proposed that the Tb division of the Bouma sequence formed under 

supercritical-flow conditions. (Fig. 4.8D) (Walker, 1965; Skipper, 1971). As described 

above, planar-parallel lamination are often observed in association with backset 

lamination. Based on core observation, a detailed analysis of the recognition criteria 

of planar-parallel lamination formed under supercritical-flow conditions is presented 

in Chapter 8, Section 8.2.3.  
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4.4.3 Traction carpet and flame structures within the Ta division of the Bouma 

sequence 

 

Structureless division (Ta) of the Bouma sequence is difficult to interpret in term of 

flow dynamic. However, some sedimentary structures within the Ta division of the 

Bouma sequence could be associated to supercritical-flow conditions, such as traction 

carpet and flame structures (Postma et al. 2009).  

Postma et al. (2009) affirm that if the fall-out rate is sufficiently high, traction 

carpets formed under supercritical-flow conditions develop as large backset observed 

in long wave antidunes (>30 m). However, in case of poor outcrop exposure, large 

backset are not always visible, therefore in this thesis, near-horizontal traction carpet 

associated with structureless deposits (such as the Ta division of the Bouma sequence) 

are also considered formed under supercritical-flow conditions (Fig. 4.8E). In the 

field, traction carpets are identified as banded layers in sandstones observed in the 

middle of a bed and commonly associated with structureless beds. This structure is 

characterised by centimetre-scale normally graded (and in some cases inverse-graded) 

parallel (planar) layers of coarse-grained sediment.  

Some evidence of hydraulic jumps was also observed, such as deformation of 

unconsolidated sediment, represented by flame structures at the base of beds (Fig. 

4.8C) (Postma et al., 2009; Postma and Kleverlaan, 2018). 

Structureless deposits alone could either be deposited under supercritical- or 

subcritical-flow conditions. If the grain size or mineral composition is too 

homogeneous, even if the flow is under supercritical or subcritical conditions, no 

lamination will be developed and the resultant deposits will be structureless. It is 

important to note that Hiscott and Middleton (1979) interpreted the structureless 

division of the deep-water sandstones of the Tourelle Formation (Quebec, Canada) as 

deposited from dense, supercritical turbulent suspensions. However, until now, this 

hypothesis has not been yet confirmed by laboratory experiment. In this thesis to avoid 

any other assumptions about candidate SFDs, structureless sandstones observed in 

concentrated density-flow deposits or turbidites, in the field, are considered deposited 

under subcritical-flow conditions.  
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Figure 4.8: Sedimentary structures interpreted as deposited under supercritical-flow 
conditions. (A) Thin-bedded sandstones showing a progressive transition from planar-
parallel lamination to low-angle backset lamination. Backset lamination is preserved 
at the top by a new set of planar-parallel lamination. Burgui Village road section, 
Banastón System, Jaca Basin. (B) Medium-bedded, fine-grained sandstones showing 
a transition from foreset to backset lamination at the bottom of the bed. This part of 
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the bedform with cross-lamination could be interpreted as the Ta division of the Bouma 
sequence because of the underlying planar-parallel lamination (Tb) at the top. Road 
section, west of Garde Village, Cotefablo System, Jaca Basin. (C) Medium-bedded, 
fine-grained sandstones showing backset lamination at the base with progressive 
transition to planar-parallel lamination. Some alternating backset and planar-parallel 
lamination are observed at the top of the bedforms. Road section A136, 4 km north of 
Biescas Town, Broto System, Jaca Basin. (D) Thin-bedded turbidites showing Tabc 
divisions of the Bouma sequence, with the Tb division interpreted as deposited under 
supercritical-flow conditions. Rio El Chate section, Broto System, Jaca Basin. (E) 
Medium-bedded turbidites showing the Tabc divisions of the Bouma sequence, with 4 
cm of inversely-graded traction carpet in the upper part of the Ta division of the Bouma 
sequence. Ainsa Quarry, Ainsa System, Ainsa Basin. 
 

 

4.5 Conclusions 

 

From the analysis of more than 16,900 beds in the submarine fans of the Ainsa and 

Jaca basins, a large range of bedforms and sedimentary structures, are interpreted as 

deposited under supercritical-flow conditions. Six different facies associations linked 

to SFDs were presented in this chapter. Within the six facies associations, two 

categories of bedforms are recognised:  

(i) erosional coarse-grained supercritical-flow bedforms related to metre-scale (FA1a) 

and centimetre-scale (FA1b) and backfilling structures and interpreted as large-scale 

and small-scale cyclic steps, respectively.  

(ii) depositional fine-grained supercritical-flow bedforms associated with upflow-

dipping sandstone lenses (FA2a), upflow-stacked wavy bedforms (FA2b), upflow-

stacked sigmoidal bedforms (FA3) and plane beds (FA4), interpreted as unstable and 

stable antidunes and upper-plane beds, respectively.  

 Recognition criteria of sedimentary structures developed under 

supercritical-flow conditions were also presented, including backset lamination, 

planar-parallel laminations and, traction carpet and flame structures within the Ta 

division of the Bouma sequence. 

 Based on the recognition criteria of SFDs presented in this chapter, each 

outcrop of the Ainsa (Chapter 5) and Jaca (Chapter 6) were described and interpreted 

in term of hydrodynamics. Percentages of SFDs of each sedimentary log, were 

calculated based on the recognition criteria described in this chapter. 
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Chapter 5  
 

 

SFDs IN THE AINSA BASIN 

 

 

 

5.1 Introduction 

 

Seven months of fieldwork was undertaken in the Ainsa Basin where 25 sedimentary 

logs were measured in three contrasting depositional environments of the Ainsa Basin 

(Fig. 5.1): (i) mid-slope environments of the Gerbe System, (ii) proximal basin-floor 

environments of the Banastón System, and (iii) in lower-slope environments of the 

Ainsa System (for geological map of the Ainsa Basin, see Chapter 3, Fig. 3.7). At least 

two sedimentary logs were measured in each sandbody (fan), with one in the channel 

axis and another in the channel off-axis. If the exposure was sufficient, logs in the 

channel margin and levée–overbank were also measured. Each log was selected based 

on the interpretation of their depositional environments from previous studies 

(Pickering and Bayliss, 2009; Pickering and Cantalejo, 2015, and references therein). 

Each log is described taking into account the different characteristics such as bed 

thickness, facies, grain-size, and sedimentary structures. This chapter aims to describe 

and interpret the different sedimentary logs in terms of flow dynamics. Sedimentary 

logs measured in the Ainsa Basin are presented in Appendix A, along with their 

hydrodynamic interpretation. 

The distribution of SFDs compared within the context of the depositional 

environment is considered in chapter 7. Table 5.1, summarising the percentages of 

sandstones and mudstones, bed thicknesses, facies, grain size and distribution of 

SFDs, is presented at the end of this chapter. 
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Figure 5.1: Geographic location of the sedimentary logs measured in the Ainsa Basin. 
Circled numbers refer to location of logs. 
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5.2 The Gerbe System 

 

5.2.1 Introduction 

 
The Gerbe System is stratigraphically located between the Arro and the Banastón 

systems in the Lower Hecho Group. It has been interpreted as a submarine canyon 

slope-channel system (Clark and Pickering, 1996; Pickering and Bayliss, 2009). The 

Gerbe sandy fans were deposited in mid-slope canyon to lower-slope erosional 

channel settings (Millington and Clark, 1995; Pickering and Bayliss, 2009). 

Millington and Clark (1995) recognised a change in depositional style, which they 

interpreted as showing an upward change from a sheet-like (relatively unconfined) 

system in a base-of-slope canyon during the deposition of the Arro System, to a 

submarine-canyon channel during the deposition of the Gerbe System. The Gerbe 

System consists of two sandy fans named the Gerbe I Fan (older) and Gerbe II Fan 

(younger). Sedimentary logs were produced for the mid-slope environment of the 

Gerbe System (Figure 5.1: Gerbe I Fan: Log 1; Gerbe II Fan: logs 2 and 3). 

 

5.2.2 Gerbe I Fan (channel axis) 

 
Description 

 

Only one sedimentary log was measured in the Gerbe I Fan, located in its channel axis, 

along the Rio Nata (sedimentary Log 1; Fig. 5.1; Appendix A1). Poor outcrop 

prevented other logs being measured. This sedimentary log has 80 beds of sandstones 

and mudstones with 54% composed of sandstones, i.e., 53 beds of sandstones. The 

dominant bed thicknesses are thin- (35%) and very thin-bedded (25%) sandstones, but 

with a high percentage of thick-bedded sandstones (17%) (Table 5.1). The dominant 

grain sizes are conglomerates (28%) and coarse-grained (11%) sandstones. There is a 

high proportion of Facies Class A with >32%. Log 1 is the only measured section (for 

this study) in the Ainsa Basin with such a high content of conglomerates.  

The lower part of the Gerbe I Fan consists mainly of structureless medium- to 

thick-bedded debris-flow (cohesive-flow) deposits and coarse-grained concentrated 

density-flow deposits. These packages of pebbly debris-flow deposits and coarse-
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grained concentrated density-flow deposits show erosive and irregular bases and 

several lensing beds. A metre-scale erosion surface can be seen that truncates 

concentrated density-flows deposits: this scour is filled by a structureless MTD (Fig. 

5.2A).  

The upper part of the log is more organised and consists of very thin-, thin- 

and medium-bedded concentrated density-flow deposits and turbidites. One interval 

shows packages of upflow-stacked medium- to thick-bedded turbidites with a sharp 

base and low-angle backset lamination (Fig. 5.2B). Some of these beds show a 

progressive transition from low-angle backset lamination in their basal part to planar-

parallel lamination in their upper parts. 

 

 
Figure 5.2: (A) Lower part of the sedimentary log measured in the channel axis of the 
Gerbe I Fan. Unit I is interpreted as a pebbly debris-flow (cohesive-flow) deposits 
with irregular base. Unit 2 is associated to a muddy MTD. Unit 3 shows a lateral 
variation from laminated mudstones to disorganised mudstones. Unit 4 shows a 
lensing concentrated density-flow deposit. Unit 5 shows the infilling of the metre-
scale scour with MTCs and lensing concentrated density-flow deposits. The red line 
indicates asymmetric metre-scale scour. (B) Upper part of the sedimentary log 
measured in the channel axis of the Gerbe I Fan. Interpretation of the package of 
stacked medium- to thick-bedded turbidites with backset lamination interpreted as 
candidate stable antidune (FA3). Note that for both figures (A and B) palaeoflow is 
perpendicular to the outcrop photograph. 
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Interpretation 

 

The channel axis of the Gerbe I Fan contains ~35% of SFDs (Table 5.1). Most of the 

supercritical-flow bedforms occur in the upper part of the sedimentary log in the well-

bedded concentrated density-flows deposits and turbidites. Most of the SFDs are 

interpreted as the Tb division of the Bouma sequence present in several turbidites in 

the upper part of the log and candidate stable antidunes (Fig. 5.2B). Pebbly debris-

flow deposits and lensing concentrated density-flow deposits located at the base of the 

sedimentary log suggest a high degree of sediment bypass where most of the 

suspended fine-grained sediment in the flow was deposited farther downstream in the 

submarine lobe-and-related deposits in the Jaca Basin. Therefore, there is poor 

preservation of supercritical-flow bedforms in the channel axis of the Gerbe I Fan. 

 

5.2.3 Gerbe II Fan 

 

5.2.3.1 Channel axis of the Gerbe II Fan 
 

Description 

 

Three sedimentary logs were measured in the Gerbe II Fan, along a proximal-to-distal 

(longitudinal) transect, located around Gerbe Village (Fig. 5.1). The more proximal 

log is designated as “Log 2A” and the more distal as “Log 2C”. Outcrop limitations 

meant that the sedimentary logs were made with horizontal separations of ~20–50 m. 

Log 2A is 26 m thick and composed of 211 beds of sandstones and mudstones 

with 73% of sandstones, i.e., 158 beds of sandstones (Appendix A2). The dominant 

bed thicknesses are very thin- (34%) and thin-bedded (38%) sandstones. The dominant 

grain sizes are medium- (40%) and coarse-grained (30%) sandstones (Table 5.1). This 

log contains a high proportion of turbidites with planar-parallel and ripple-cross 

lamination. Several upflow-stacked medium- and thick-bedded turbidites also show 

low- to high-angle backset lamination.  

Log 2B is 24.5 m thick and composed of 239 beds of sandstones and 

mudstones with 55% of sandstones, i.e. 156 beds of sandstones (Appendix A3). Log 

2A and 2B are separated laterally by ~20 m (Fig. 5.3). The dominant bed thicknesses 
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are very thin- (36%) and thin-bedded (37%) sandstones. The dominant grain sizes are 

medium- (21%) and fine-grained (19%) sandstones (Table 5.1). There is a thinning-

upward trend with most of the thick- and medium-bedded concentrated density-flow 

deposits located at the base of the sedimentary log. Packages of upflow-stacked 

medium-bedded concentrated density-flow deposits with traction carpet, backset and 

planar-parallel lamination with a high content of mudclasts are present at the base of 

the log. Some of them have a metre-scale erosive base. The youngest part of the log is 

dominated by very thin- to thin-bedded turbidites showing sharp bases, planar-parallel 

and ripple-cross lamination. One interval in the middle of the log shows upflow-

stacked centimetre-scale lenses with alternating backset and foreset lamination. Some 

of the turbidites also display low-angle foreset lamination located at the base of the 

bed, below the planar-parallel lamination. 

Log 2C is 27 m thick and composed of 248 beds of sandstones and mudstones, 

with 62% of sandstones (168 beds) (Appendix A4). Log 2B and 2C are separated by 

~50 m. The dominant bed thicknesses are very thin- (36%) and thin-bedded (39%) 

sandstones. The dominant grain sizes are coarse- (20%) and medium-grained (19%) 

sandstones (Table 5.1). Structureless concentrated density-flow deposits with a sharp 

base and floating mudclasts dominate the base of the log. Some tractions carpets are 

also observed associated with the structureless deposits. The top of the log shows very 

thin- and thin-bedded turbidites with sharp bases and planar-parallel and ripple-cross 

lamination. 

Log 2B was measured in excellent cliff exposures. Using the drone, images 

were captured and a panorama compiled in an oblique direction to the palaeoflow. In 

this panorama (Fig. 5.4), it is possible to observe the transition from the channel axis 

(where Log 2B was measured) to the channel off-axis and possible margin. Beds show 

an overall thinning-upward trend from the channel axis toward the channel margin. 

Bedforms become more regular with less erosive surfaces toward the channel margin. 

There is an overall increase in the mud content toward the channel margin. In the 

channel axis, a train of solitary lenses occurs with a high variability in the dip of 

lamination. This train of solitary lenses is truncated by package of upflow-stacked 

medium- to thick-bedded, medium- to coarse-grained sandstones with a metre-scale 

scour. Lamination are mainly underlined by mudclasts. 
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Figure 5.3: Sedimentary logs 2A and 2B in the Gerbe II Fan separated by ~20 m in a 
proximal-to-distal (longitudinal) direction. Black lines represent the edges of the 
outcrops. 
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Interpretation 

 

Logs 2A, 2B and 2C show a similar proportion of SFDs, with 40%, 42%, and 33%, 

respectively (Table 5.1). These three closely spaced logs provide an opportunity to 

check the degree of accuracy of the method used. Because the sedimentary logs are 

spaced equal to the bedform length, very similar percentages of SDFs were expected 

in these logs. The error bar is estimated to be in the order of 9%. This value is used 

later in this thesis, where percentages of SFDs are compared. A difference <9% of 

SFDs between two sedimentary logs is considered insignificant. 

These three sedimentary logs show a thinning-upward trend where most of the 

supercritical-flow bedforms, such as candidate cyclic steps (FA1a and FA1b) and 

unstable antidune (FA2a), are located at the base of the logs. Log 2B shows a good 

example of candidate cyclic-step deposits (FA1a) and truncated candidate unstable 

antidunes (FA2a) (Fig. 5.4). This last type of antidune would have been formed from 

a flow with a high mud supply forming a train of solitary sandy lenses. As in the Gerbe 

I Fan, the abundance of erosional structures might indicate a high degree of sediment 

bypass and a weak preservation potential of SFDs. Most of the SFDs recognised in the 

upper part of the logs are associated to the Tb division of the Bouma sequence. 

Cyclic steps eroding the levées of the Monterey Canyon have been interpreted 

as the first step of channel initiation (Fildani et al., 2006). In this context, erosional 

supercritical-flow bedforms (FA1a and FA1b) located at the base of the channel axis 

in the Gerbe II Fan might indicate the first step of channel initiation. The high 

proportion of supercritical-flow bedforms at the base of the channel can be explained 

by relatively high confinement and high slope gradient in a mid-slope environment. 

SFDs recognised in the turbidites in the upper part of the channel could correspond to 

the progressive infilling of the channel, where there is a decrease in overall 

confinement and a decrease in flow criticality (but still Fr >1). Planar-parallel 

lamination should have a lower Fr compared with cyclic steps, but still >1. 
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Figure 5.4: Panorama of the Gerbe II cliff where Log B was measured in channel-axis 
deposits (42% interpreted as SFDs). The outcrop of the channel off-axis was 
inaccessible, but it is possible to observe a decrease in the sandstone content and in 
supercritical-flow structures such as scours and backfilling structures and lenticular 
bedforms. The base of the Log 2 shows a good example of candidate large-scale cyclic 
steps (FA1a) and unstable antidune (FA2a) deposits. 
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5.2.3.2 Channel margin and levée-overbank of the Gerbe II Fan 
 

Description 

 

Sedimentary Log 3 corresponds to the channel margin and levée-overbank in the 

Gerbe II Fan, located along the road N260 immediately after the intersection with the 

edge of Gerbe Village (Fig. 5.1). This sedimentary log is 9 m thick and composed of 

121 beds of sandstones and mudstones, with 35% of sandstones, i.e. 66 beds 

(Appendix A5). The dominant bed thicknesses are very thin- (42%) and thin-bedded 

(53%) sandstones. The dominant grain size is fine-grained sandstones with 14% of the 

log (Table 5.1). Facies Class C constitutes 27% of the log. A relative high proportion 

of medium-grained sandstones (8%) is observed for a channel margin–levée-overbank 

environment. All the sandstone beds in this log are identified as turbidites, mostly 

very-thin bedded turbidites with ripple-cross lamination. Ripple-cross lamination 

represents the most abundant sedimentary structures in this log and constitute 12%. 

Some of the thickest turbidites show low-angle cross and planar-parallel lamination. 

 

Interpretation 

 

Approximately 32% of the sandstones observed in this log are interpreted as deposited 

under supercritical-flow conditions. This percentage is relatively high for a channel 

margin–levée-overbank environment where a low percentage of SFDs was expected 

because of the flow reducing its velocity away from the channel axis. Although one 

bed shows backset lamination, most of the SFDs observed in this log are related to the 

planar-parallel lamination observed in the turbidites and interpreted as the Tb division 

of the Bouma sequence. 

An insignificant decrease in the proportion of SFDs from the channel axis to 

the channel margin and levée-overbank of the Gerbe II Fan is observed. This 

observation could be linked with the high degree of sediment bypass in the channel 

axis leading to a low percentage of SFDs in the channel axis. However, there is less 

sediment bypass in the margin leading to a better preservation of SFDs in the channel 

margin than in the channel axis and therefore, explaining a similar proportion of SFDs 

in the channel axis and margin. 
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5.3 The Banastón System 

 

5.3.1 Introduction 

 
The Banastón System directly overlies the Gerbe System and is the oldest system 

deposited in the Upper Hecho Group. The system comprises six sandy fans, designated 

form oldest to youngest, Banastón I to Banastón VI, respectively. These sandy fans 

show a transitional depositional style from lower-slope channel infill in the eastern 

part of the Ainsa Basin, to a more proximal basin-floor and fan lateral-margin and 

levée-overbank environments in the northwest and northeast of the basin (Bayliss and 

Pickering, 2015b). Sedimentary logs were produced in the northwest part of the Ainsa 

Basin, i.e., in proximal basin-floor fan environments (Figure 5.1: Banastón I Fan: logs 

4, 5 and 6; Banastón II Fan: logs 7, 8 and 9; Banastón III Fan: logs 10 and 11; Banastón 

IV Fan: logs 12 and 13; Banastón V Fan: logs 14 and 15; Banastón VI Fan: logs 16, 

17 and 18).  

The Banastón I Fan is mapped as having deposits restricted between the 

Mediano (in the east) and the Añisclo anticlines in the west. The Banastón II and III 

fans are mapped as showing no significant changes in thickness over the Añisclo 

Anticline; therefore, it is assumed that this structure had temporarily stopped growing 

or that sediment supply exceeded the rate of growing seafloor relief (see fig. 13 in 

Bayliss and Pickering, 2015b), leading to a decrease in confinement of the sandbodies 

from Banastón I to III fans. However, the presence of the thickest MTDs (up to ~ 20 

m) at the base of Banastón III probably enhanced local topographic confinement. It 

appears that during the final stages, or after the deposition of the Banastón III Fan, the 

Añisclo Anticline was reactivated as the Banastón IV, V and VI fans are located to the 

west of the Añisclo Anticline (Bayliss and Pickering, 2015b). From mapping, a 

progressive decrease in the confinement of the Banastón IV, V, and VI fans was 

observed, without significant synsedimentary tectonic activity of the Añisclo 

Anticline, or the sediment accumulation rate of these three fans exceeded (drowned) 

any structural growth of the anticline (Bayliss and Pickering, 2015b). 

A supplementary study was undertaken in the lower-slope environments of the 

Banastón V Fan in the Usana Quarry, where an excellent outcrop provided access to 
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three stacked small-scale channels. 10 sedimentary logs were measured in this channel 

in order to observed the lateral variation of the SFDs. 

Interpretations of depositional environments for the Banastón System and 

constituent fans are based on Bayliss and Pickering (2015b). 

 

5.3.2 Banastón I Fan 

 
Three sedimentary logs were measured in the Banastón I Fan. Sedimentary Log 4 was 

measured in the channel axis, sedimentary Log 5 in the channel off-axis and 

sedimentary Log 6 in the channel margin. Sedimentary logs in the channel axis and 

off-axis are separated by ~1.5 km. The sedimentary log in the channel margin is ~1.5 

km from the sedimentary log measured in the channel off-axis. 

 

5.3.2.1 Channel axis of the Banastón I Fan 
 

Description 

 

Sedimentary Log 4 was made along a path near the Rio Pasata, northwest of the village 

of San Vicente (Fig. 5.1). This log is 92.5 m thick and composed of 228 beds of 

sandstones and mudstones (Appendix A6). This sedimentary log comprises 167 

sandstone beds, which represent 53% of the total lithologies. The dominant bed 

thicknesses are medium- (29%) and thin-bedded (28%) sandstones. The dominant 

grain sizes are coarse- (19%) and medium-grained (14%) sandstones (Table 5.1). This 

log contains several muddy and sandy debris flows, with a high degree of deformation 

and high content of pebbles and mudclasts, leading a high percentage of Facies Class 

A (22%) (Fig. 5.5A). Facies Class C is also dominant (22%) with beds interpreted as 

Facies C2.2 and C2.3 showing erosive or sharp bases and some showing a structureless 

base and planar-parallel lamination. Several very thick-bedded sandstones show flute 

casts at their base with palaeoflow orientation ranging from N280 to N298 (Fig. 5.5B). 

Clast imbrication observed in clast-supported conglomerates supports the 

interpretation of palaeoflow from other structures. Several beds also show foreset and 

backset lamination and are interpreted as Facies B2.2.  
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Interpretation 

 

Approximately 37% of sandstones are interpreted as deposited under supercritical-

flow conditions in Log 4. Most of the SFDs are interpreted as candidate stable 

antidunes (FA3) and upper-plane beds (FA4). The rest of SFDs are mostly planar-

parallel lamination observed in the Tb division of the Bouma sequence.  

Percentage of SFDs in the channel axis of Banastón I Fan is reasonable for a 

channel axis. However, as the Banastón I Fan is a proximal basin-floor environment, 

where there is a break of slope inducing hydraulic jumps, a higher proportion of SFDs 

were expected. This log shows a relatively high proportion of structureless sandstone 

beds (30%), therefore, 37% of SFDs is the potential lowest boundary observed in this 

log. These could also have been formed under supercritical-flow conditions without 

letting any evidence (SFDs) in the deposits. Furthermore, this sedimentary log shows 

several features of sediment bypasses, such as erosive pebbly debris-flow deposits. 

Therefore, in this case most of the suspended fine-grained sediments were deposited 

downflow, certainly in the submarine lobes, and if the flow was under supercritical-

flow conditions, there is no preservation of these conditions in the sediment record. 

 

5.3.2.2 Channel off-axis of the Banastón I Fan 
 

Description 

 

Sedimentary Log 5 was made on the path along the Rio Pantiellos (Fig. 5.1). This 

sedimentary log is 26 m thick and composed of 160 beds of sandstones and mudstones 

with 42% of sandstones, i.e., 87 beds of sandstones (Appendix A7). The uppermost 

(youngest) metres could not be measured because they were inaccessible as a vertical 

cliff. The dominant bed thicknesses are thin- (41%) to medium-bedded (34%) 

sandstones. The dominant grain sizes are medium- (18%) to fine-grained (15%) 

sandstones (Table 5.1). The dominant type of bed is thin-bedded turbidites showing 

planar-parallel and ripple-cross lamination, leading to a high percentage of Facies 

Class C (Facies C2.3), with >31%. Several concentrated density-flow deposits with 

low-angle foreset and backset lamination are common (Facies B2.2). Medium-bedded 

matrix-supported debris-flow deposits with nummulites are also present.  
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Figure 5.5: Outcrop for Log 5, channel off-axis of the Banastón I Fan (A) Pictures of 
the thick-bedded clast-supported debris flow deposits and a thick-bedded matrix-
supported debris flow deposits (both Facies Class A). (B) Example of flute cast 
observed at the base of a concentrated density-flow deposits in Log 4. 
 

 

Interpretation 

 

Approximately 31% of sandstones in Log 5, are interpreted to have been deposited 

under supercritical-flow conditions. Most of the SFDs are related to the planar-parallel 

lamination of the Tb division of the Bouma sequence.  

Compared with the channel axis, a decrease in the proportion of debris-flow 

deposits was observed, indicating less sediment bypass on the channel off-axis than in 

the channel axis. A better preservation potential of the SFDs is suspected in the 

channel off-axis than in the channel axis, explaining a relative weak decrease in the 

proportion of SFDs from channel axis (37%) to channel off-axis (31%) (<9%). 
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5.3.2.3 Channel margin of the Banastón I Fan 
 

Description 

 

Sedimentary Log 6 was measured along the Rio Biñes. This log is 30.5 m thick and 

composed of 460 beds with 275 beds of sandstones that represents 41% of the log 

(Appendix 8). The dominant bed thicknesses are very thin- (49%) and thin-bedded 

(45%) sandstones. The dominant grain size is fine-grained sandstones with >17% of 

the log (Table 5.1). Most of the log is composed of sharp-based thin-bedded turbidites 

showing planar-parallel and ripple-cross lamination alternating with laminated 

mudstones (Fig. 5.6). Some of the turbidites display a lensing shape (Fig. 5.6) and 

low-angle foreset lamination in their basal part. 

 

Interpretation 

 

The channel margin of the Banastón I Fan shows 26% of SFDs. Most of the SFDs 

interpreted in this log are related to the planar-parallel lamination of the Tb division of 

the Bouma sequence. Only one medium-bedded turbidites showing low-angle backset 

lamination in its base could be interpreted as candidate stable antidune (FA3). Foreset 

lamination located at the base of turbidites (Ta division of the Bouma sequence) can 

be interpreted as dune bedforms, and therefore interpreted as deposited under 

subcritical-flow conditions. Planar-parallel lamination (Tb division) above the foreset 

lamination are, therefore, interpreted as having been deposited under subcritical–flow 

conditions.  

The proportion of SFDs shows a decrease from the channel axis (37%) to the 

channel margin (26%). Turbidites observed in the channel margin were likely 

deposited by large-volume turbidity currents and resulted in the deposition of the fine-

grained sediments in suspension in the current overspilling the margin of the channel. 

Turbidites alternate with laminated mudstones, the latter being interpreted as 

hemipelagic deposits. 
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Figure 5.6: Outcrop for Log 6, channel margin of the Banastón I Fan. Pictures of the 
very thin- to thin bedded fine-grained turbidites alternating with hemipelagic 
mudstones. Note the lensing turbidites in the centre of the field of view. 
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5.3.3 Banastón II Fan 

 
Three sedimentary logs were measured in the channel axis, off-axis and margin of the 

Banastón II Fan. Sedimentary Log 7 was measured in the channel axis, sedimentary 

Log 8 in the channel off-axis and sedimentary Log 9 in the channel margin. The log 

in the channel axis is located ~2 km from sedimentary log made in the channel off-

axis. Sedimentary log in the channel margin is located ~3 km west of the sedimentary 

log measured in the channel axis. 

 

5.3.3.1 Channel axis of the Banastón II Fan 
 

Description 

 

Sedimentary Log 7 was measured along the Rio Cortaroles (Fig. 5.1). This log is 69 

m thick and composed of 230 beds, with 182 beds of sandstones (54% of the total 

lithologies) (Appendix A9). The dominant bed thickness is very-thin bedded 

sandstones (30%). There are a high proportion of medium- (22%) and thick-bedded 

(24%) sandstones. The dominant grain size is medium-grained sandstones (26%). A 

relative high proportion of coarse-grained sandstones is present with 10% of the log 

(Table 5.1). This log contains a high proportion of amalgamation surfaces and several 

beds displays a high proportion of nummulites (Fig. 5.7A and B). Several intervals 

show upflow-dipping lenses with a large variability in the dip of lamination (Fig. 

5.7A). Several very-thick intervals of very-thick bedded clast- and matrix-supported 

conglomerates were observed (Facies A1.1 and A1.2). Several very-thick intervals of 

deformed mudstones (MTCs, >2 m thick) are also abundant. A high proportion of 

medium- to thick-bedded concentrated density-flow deposits display low- to high-

angle backset and foreset lamination (Facies B2.2). Some concentrated density-flow 

deposits show pervasive planar-parallel lamination with grain size or grain mineral 

segregation between the lamination (Fig. 5.7C). The top of the log is dominated by 

thin- to medium-bedded turbidites with planar-parallel and ripple-cross lamination. 
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Figure 5.7: Outcrop for Log 7, channel axis of the Banastón II Fan (A) Package of 
stacked turbidites and candidate supercritical-flow bedforms such as upflow-stacked 
centimetre-scale lenses (FA2a), upflow-dipping sigmoidal bedforms (FA3) and 
subcritical-flow dunes. Bedforms are difficult to distinguish because of amalgamation 
surfaces. (B) Example of concentrated density-flow deposits with high content of 
nummulites. (C) Example of candidate upper-plane bed (FA4) with grain-size 
segregation between the lamination, in the channel axis of Banastón II Fan. In the 
three picture, palaeoflow direction is from right to left. 
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Interpretation 

 

The channel axis of the Banastón II Fan show >58% of sandstones deposited under 

supercritical-flow conditions. The base of the log is mainly composed of candidate 

supercritical-flow bedforms with several examples of (i) upflow-stacked centimetre-

scale lenses with large variation in the dip of lamination, interpreted as candidate 

unstable antidune (FA2a) (Fig. 5.7A), (ii) upflow-stack sigmoidal bedforms 

interpreted as candidate stable antidune (FA3) (Fig. 5.7A) and finally (iii) plane beds 

interpreted as candidate upper-plane beds (FA4) (Fig. 5.7C). The top of the log is 

dominated by turbidites with Tb and Tc division of the Bouma sequence. Therefore, 

the dominant SFDs in the top of the log are the planar-parallel lamination of the Tb 

division of the Bouma sequence. 

 

5.3.3.2 Channel off-axis of the Banastón II Fan 
 

Description 

 

Sedimentary Log 8 was measured along the path alongside the Rio Pantiellos (Fig. 

5.1). This log is 19 m thick and composed of 209 beds, with 136 beds of sandstones, 

that represents 51% of the total lithologies (Appendix A10). The dominant bed 

thicknesses are thin- (46%) and very thin-bedded (32%) sandstones. The dominant 

grain sizes are medium- (17%) and fine-grained (19%) sandstones (Table 5.1). The 

dominant type of SGF deposits is thin-bedded turbidites with planar-parallel and 

ripple-cross lamination. There is a package of beds showing upflow-stacked sigmoidal 

bedforms with backset lamination at the base and where a progressive transition from 

backset to planar-parallel lamination at the top is noted (Fig. 5.8). Few examples of 

traction carpet associated to the structureless base of turbidites are also observed. 
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Figure 5.8: Example of upflow-stacked sigmoidal bedforms interpreted as a candidate 
stable antidune (FA3) in the channel off-axis of Banastón II Fan. 
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Interpretation 

 

Approximately 40% of the sandstones in the channel off-axis of the Banastón II Fan 

are interpreted as deposited under supercritical-flow conditions. Most of the SFDs 

interpreted in this log are related to planar-parallel lamination of the Tb division of the 

Bouma sequence observed in the thin-bedded turbidites. The upflow-stacked 

sigmoidal bedforms with backset lamination at the base is interpreted as candidate 

stable antidune (FA3) (Fig. 5.8). Here, a decrease in the proportion of SFDs from the 

channel axis (58%) to the channel off-axis (40%) is observed. There is also a decrease 

in the amount of candidate supercritical-flow bedforms (most of the SFDs in channel 

off-axis are related to the Tb division of the Bouma sequence) along with the 

proportion of concentrated density-flow deposits from the channel axis to the channel 

off-axis. 

 

5.3.3.3 Channel margin of the Banastón II Fan 
 

Description 

 

Sedimentary Log 9 was measured along the path nearby the church of San Vicente 

Village (Fig. 5.1). It is 22 m thick and composed of 183 beds with 104 beds of 

sandstones that represents 36% of the total lithologies (Appendix A11). The dominant 

bed thicknesses are thin- (48%) and very thin-bedded (34%) sandstones. The dominant 

grain size is medium-grained sandstones with 15% (Table 5.1). The main type of SGF 

deposits is thin-bedded turbidites with planar-parallel and ripple-cross lamination. The 

distinctive characteristic of this log is the high proportion of low-angle foreset 

lamination present in the entire turbidites or in the basal part of turbidites, below the 

planar-parallel lamination. Few thick-bedded turbidites display low-angle backset 

lamination. 

 

Interpretation 

 

Approximately 31% of sandstones in Log 9 are interpreted as deposited under 

supercritical-flow conditions. Most of the SFDs are related to planar-parallel 

lamination of the Tb division of the Bouma sequence as well as the backset lamination 
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present in the thick-bedded turbidites. The presence of backset lamination does not 

mean that the entire bed was deposited under supercritical-flow conditions. For 

example, when a bed shows backset lamination at the base with a progressive 

transition to planar-parallel to ripple-cross lamination at the top, it is interpreted as 

partly formed under supercritical-flow conditions, meaning that there is a change in 

the Fr during deposition, certainly due to a decrease in flow velocity and/or density. 

Foreset lamination present in the entire bedforms are related to subcritical-flow dunes 

bedforms. 

Here, a decrease in the proportion of SFDs from the channel off-axis (40%) to 

the channel margin is observed, associated with a decrease in the flow strength and 

velocity away from the channel axis. 

 

5.3.4 Banastón III Fan 

 
Two sedimentary logs were measured in the Banastón III Fan. Sedimentary Log 10 

was measured in the channel axis and sedimentary Log 11 in the channel off-axis. 

Sedimentary log of channel off-axis is located ~1 km from the channel axis 

sedimentary log. No outcrop representing the channel margin of the Banastón III Fan 

was found in the Ainsa Basin. 

 

5.3.4.1 Channel axis of the Banastón III Fan 
 

Description 

 

Sedimentary Log 10 is located along the path nearby the San Miguel Chapel (Fig. 5.1). 

This sedimentary log is 29 m thick and composed of 345 beds of sandstones and 

mudstones with 192 beds of sandstones that represent 42% of the total lithologies 

(Appendix A12). The dominant bed thicknesses are very thin- (44%) and thin-bedded 

(39%) sandstones. The dominant grain sizes are fine- (18%) and medium-grained 

(16%) sandstones (Table 5.1). The distinctive characteristic of this log is the high 

proportion of turbidites showing pervasive planar-parallel lamination in their basal 

part, upper part or in the entire bedforms. In some beds, the grain-size segregation 

between the lamination is very clear (Fig. 5.9A). The most common type of SGF 

deposits observe in this log, is thin-bedded turbidites with planar-parallel and ripple-
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cross lamination. Concentrated density-flow deposits are absent in this log. Some of 

the turbidites also display backset lamination in their basal part but their proportion 

stay low. Most of the turbidites have a sharp base. Only one erosive feature was 

observed (Fig. 5.9B). This bed shows centimetre-scale scours filled by several 

turbidites leading to an interesting lamination pattern, e.g. low-angle backset 

lamination at the base, then there is a break in the angle of backset lamination, with 

convex-backset lamination showing a progressive transition to planar-parallel 

lamination at the top. A progressive transition from backset to planar-parallel 

lamination was observed at the top of the bedforms (Fig. 5.9B). 

 
Figure 5.9: Outcrop for Log 10, channel axis of the Banastón III Fan (A) Example of 
pervasive planar-parallel lamination observed in medium-bedded turbidites of the 
channel axis of the Banastón III Fan, interpreted as candidate upper-plane bed (FA4). 
Note the grain-size segregation between the lamination. (B) Centimetre-scale scour is 
filled by several turbidites, interpreted as candidate small-scale cyclic step deposits 
(FA1b). Turbidites show two sets of backset lamination with varying dips from low-
angle backset lamination (in blue), to higher-angle convex-backset lamination (in red). 
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Interpretation 

 

Approximately 45% of sandstones in Log 10 measured in the channel axis of the 

Banastón III Fan, are interpreted as deposited under supercritical-flow conditions. 

Most of the SFDs are related to pervasive planar-parallel lamination, most of them 

interpreted as candidate upper-plane beds (FA4). Turbidites with backset lamination 

in their basal parts are interpreted as stable antidunes (FA3). Here, depositional 

candidate supercritical-flow bedforms are dominant with upper-plane beds (FA4) and 

stable antidunes (FA3) although one of the best examples of small-scale cyclic step 

(FA1b) is described in this log (Fig. 5.9B). For this latest, the break in the angle of 

backset lamination (low-angle backset lamination to high-angle convex backset 

lamination) associated with the break in grain size, indicate the infill of the scours by 

several turbidity currents, all undergoing an upstream-migrating hydraulic jump. This 

feature is unique and uncommon in this log, so it might be link with an irregularity on 

the seafloor and not related to confinement or seafloor gradient variation. The rest of 

SFDs are related to the planar-parallel lamination of the Tb division of the Bouma 

sequence. 

 

5.3.4.2 Channel off-axis of the Banastón III Fan 
 

Description 

 

Sedimentary Log 11 was measured along the road just before the entrance of San 

Vicente Village (Fig. 5.1). This log is 29 m thick and composed of 264 beds of 

sandstones and mudstones with 143 beds of sandstones that represent 29% of the total 

lithologies (Appendix A13). The dominant bed thickness is very-thin bedded 

sandstones with >51%. The dominant grain sizes are medium- (11%) and fine-grained 

(11%) sandstones (Table 5.1). Both of these characteristics lead to the dominance of 

Facies Class C with >18% of the log. As in the channel axis of Banastón III Fan, 

concentrated density-flow deposits are absent and turbidites are the only type of SGF 

deposits. The majority of turbidites in this log are very-thin bedded turbidites with 

planar-parallel and ripple-cross lamination. Some of the turbidites show low-angle 

foreset and backset lamination in their basal part. Turbidites are separated by 

laminated mudstones. 
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Interpretation 

 

Approximately 38% of the sandstones in the channel off-axis of Banastón III Fan are 

interpreted as deposited under supercritical-flow conditions. SFDs in this log are 

related to the planar-parallel lamination of the Tb division of the Bouma sequence. 

Eleven turbidites show low-angle backset lamination in their basal parts and are 

interpreted as long-wavelength stable antidunes (FA3).  

There is a small decrease in the amount of SFDs from the channel axis (45%) 

to the channel off-axis (38%), but this difference is <9% and therefore no significant. 

In this case, it is suspected that the sedimentary logs were too close to each other and 

made in essentially similar sedimentary environments. Channel widths are typically 

up to several hundred metres, making it difficult to precisely define channel-axis, off-

axis, and channel-margin environments. 

 

5.3.5 Banastón IV Fan 

 

Two sedimentary logs were measured in the Banastón IV Fan. Sedimentary Log 12 

was made in the channel axis and sedimentary Log 13 in the channel off-axis. The log 

in the channel axis is located 3 km north of log measured in the channel off-axis. 

 

5.3.5.1 Channel axis of the Banastón IV Fan 
 

Description 

 

Sedimentary Log 12 is located along the Rio San Martin. This log is 121.5 m thick 

and composed of 746 beds of sandstones and mudstones with 457 beds of sandstones 

that represent 47% of the total lithologies (Appendix A14). Two very-thick bedded 

(>6 m) muddy MTDs occur in this log. Both show a high degree of deformation. The 

dominant bed thicknesses in this log are medium- (33%) and thin-bedded (28%) 

sandstones. The dominant grain sizes are medium- (26%) and fine-grained (13%) 

sandstones (Table 5.1). This log shows a relative high proportion of concentrated 

density-flow deposits. A majority of these concentrated density-flow deposits are 

structureless, but there is also a high proportion of backset lamination and some 
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traction carpets, observed in this type of bed (Facies Class B2) (Fig. 5.10A). Several 

beds show an erosive base filled by sandstones with low-angle backset lamination. 

Some intervals show a high proportion of amalgamated very-thin bedded turbidites 

with planar-parallel and ripple-cross lamination (Fig. 5.10B). Some turbidites are 

discontinuous and lensing. Few examples of upflow-stacked centimetre-scale lenses 

with backset lamination were also observed (Fig. 5.10C). In the upper part of the log, 

there is an example of solitary metre-scale lenses separated by 5–10 cm of 

structureless mudstones. These individual lenses show a large variability in the dip of 

lamination from foreset, horizontal to backset lamination (Fig. 5.10D). 

 

Interpretation 

 

Sedimentary Log 12 located in the channel axis of the Banastón IV Fan has 44% of its 

sandstones interpreted as deposited under supercritical-flow conditions. Most of the 

SFDs are related to candidate erosional supercritical-flow bedforms such as 

centimetre-scale scours and backfilling structures (FA1b) and depositional 

supercritical-flow bedforms such as candidate unstable antidune (FA2a) (Fig. 5.10C 

and D), stable antidune (FA3) and upper-plane beds (FA4). Traction carpets located 

in the structureless base of concentrated density-flow deposits are also interpreted as 

formed under supercritical-flow conditions (Fig. 5.10A). The rest of the interpreted 

SFDs in Log 12 are related to the planar-parallel lamination of the Tb division of the 

Bouma sequence (Fig. 5.10B).  

In term of hydrodynamics, this log can be divided in two parts. The basal parts 

of the log, between 10–49 m, are dominated by candidate supercritical-flow bedforms 

and erosive bedforms, building up the channel. The upper part of the log (from 49–

112 m) is dominated by thin- to very thin-bedded turbidites infilling the channel. 
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Figure 5.10: Outcrop for Log 12, channel axis of the Banastón IV Fan (A) Packages 
of amalgamated very-thin and thin-bedded turbidites showing millimetre-scale planar-
parallel and ripple-cross lamination. (B) Example of concentrated density-flow 
deposits with traction carpet at the base and planar-parallel lamination at the top. (C) 
Packages of amalgamated upflow-dipping centimetre-scale lenses interpreted as 
candidate unstable antidune (FA2a) with high sand input in the original flow. (D) 
Solitary metre-scale lens observed at the top of the log of the channel axis of the 
Banastón IV Fan, interpreted as candidate unstable antidune (FA2a) with a low sand 
input in the original flow. 
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5.3.5.2 Channel off-axis of the Banastón IV Fan 
 

Description 

 

Sedimentary Log 13 is located along the road N-260 at the north entrance of Boltaña 

Town (Figs 5.1, 5.11). This log is 69.5 m thick and composed of 345 beds of 

sandstones and mudstones with 228 beds of sandstones that represent 53% of the total 

lithologies (Appendix A15). The dominant bed thicknesses are thin- (42%) and 

medium-bedded (28%) sandstones. The dominant grain size is medium-grained 

sandstones with 18% of the log. There is a high proportion of coarse-grained 

sandstones with >16% of the log (Table 5.1).  

The log can be divided in two parts. The first part of the log from the base to 

28 m is composed of three very thick muddy MTCs between 3–10 m thick with 

intervals of thick- to very thick-bedded concentrated density-flow deposits showing 

foreset, backset and planar-parallel lamination. Some of these beds are also dipping 

upflow (Fig. 5.12A). Four thick-bedded structureless sandstones located at the base of 

the log show a high carbonate content.  

The upper part of the log is dominated by medium- to thick-bedded 

concentrated density-flow deposits and thin- to very-thin bedded turbidites. 

Concentrated density-flow deposits show a high proportion of traction carpet deposits 

(Fig. 5.12B) as well as a high content of backset and foreset lamination. Some traction 

carpets are also observed dipping upflow. Several beds show the following 

successions: structureless base, traction carpets and planar-parallel lamination at the 

top. Turbidites display the classic planar-parallel and ripple-cross lamination. This log 

has a high content in nummulites. 
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Figure 5.11: Panorama showing the channel off-axis environment of Banastón IV 
Fan, the channel off-axis environment of Banastón V Fan and channel off-axis 
environment of Banastón VI Fan, along N260 road, north of Boltaña. Percentages refer 
to the proportion of sandstones interpreted as SFDs. 
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Interpretation 

 

Approximately 36% of sandstones of the sedimentary Log 13 measured in the channel 

off-axis of the Banastón IV Fan, are interpreted as deposited under supercritical-flow 

conditions. In the lower part of the log, most of the SFDs observed in the very thick- 

and thick-bedded sandstones are related to candidate supercritical-flow bedforms such 

as stable antidune (FA3) (Fig. 5.12A). In the upper part of the sedimentary log, SFDs 

are interpreted as related to traction carpets and planar-parallel lamination (Tb division 

of the Bouma sequence were observed in turbidites). The transition between traction 

carpet to planar-parallel lamination is interpreted as evidence of waning flow and a 

decrease in shear stress.  

An insignificant decrease in the proportion of SFD was observed from the 

channel-axis sites (44%) to channel off-axis (36%) sites. Even if the percentages of 

SFDs are similar between channel-axis and channel off-axis sites, thereby making it 

difficult to characterise different channel environments, it is still possible to observe a 

variation in the type of supercritical-flow bedforms (high or low Fr) between channel 

environments. Several erosive supercritical-flow structures (high Fr) were observed in 

the channel axis, e.g., small-scale cyclic-step deposits (FA1b). In contrast, 

supercritical-flow bedforms with a lower Fr (but Fr>1) are more common in channel 

off-axis sites than in channel-axis sites (e.g., FA3 and FA4). 
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Figure 5.12: (A) Stacked thick-bedded sandstones with upflow-stacked sigmoidal 
bedforms interpreted as stable antidune (FA3) located in the lower part of the channel 
off-axis of the Banastón IV Fan. (B) Example of concentrated density-flow deposits 
with traction carpets. 
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5.3.6 Banastón V Fan 

 

Two sedimentary logs have been measured in the Banastón V Fan. Sedimentary Log 

14 was made in the channel axis, and sedimentary Log 15 in the channel off-axis. 

Unfortunately, no outcrop was found representing the channel margin of the Banastón 

V Fan. Sedimentary log in the channel off-axis was measured two kilometres south 

from the sedimentary log made in the channel axis. 

 

5.3.6.1 Channel axis of the Banastón V Fan 
 

Description 

 

Sedimentary Log 14 is located along the Rio San Martin, northwest of Boltaña Town. 

This log is 135 m thick and composed of 983 beds of sandstones and mudstones with 

620 sandstone beds that represent 39% of the total lithologies in this log (Appendix 

A16). The dominant bed thicknesses are medium- (31%) and thin-bedded (28%) 

sandstones. The dominant grain sizes are coarse- (34%) and medium-grained (21%) 

sandstones (Table 5.1). This log shows a high proportion of concentrated density-flow 

deposits with backset and foreset lamination, most of the time, underlined by 

mudclasts (Facies Class B2). There is also a large proportion of bedforms with erosive 

base, filled by structureless deposits or deposits showing backset lamination. Some of 

these beds are lensing and display a lateral extension between 5 to 10 m. An excellent 

example is shown in figure 5.13A. The two packages at the bottom of the picture have 

a sharp base and some of the beds show forest lamination. The packages of medium- 

to thick-bedded sandstones at the top of the outcrop have a metre-scale scour at the 

base filled by structureless deposits and deposits showing backset lamination. Lensing 

beds with a sharp base associated with deposits displaying a large variability in the dip 

of lamination were also observed. Some of the metre-scale lensing beds show only 

foreset lamination at the top (Fig. 5.13B).  

The top of the log (from 72–133 m) is dominated by turbidites with backset, 

planar-parallel and ripple-cross lamination (Facies Class C). There is also a large 

proportion of structureless thick- to very thick-bedded pebbly debris-flow deposits 

(Facies Class A). The log is built as packages of amalgamated bedforms separated by 

very-thick deformed muddy MTCs or thin- to very-thin bedded laminated mudstones. 
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Figure 5.13: Outcrop for Log 14, channel axis of the Banastón V Fan (A) Packages 
of amalgamated medium- to thick-bedded sandstones separated by metre-thick MTCs. 
The two packages at the bottom (1 and 2) have a sharp base and show sediment 
deposited under subcritical-flow conditions. The package at the top (3) has an erosive 
base filled by sediments showing backset lamination, certainly deposited by an 
upstream-migrating hydraulic jump, and is interpreted as candidate large-scale cyclic 
steps (FA1a). (B) Metre-scale lensing bed with foreset lamination interpreted as 
candidate dune. 
 
 

Interpretation 

 

Approximately 39% of the sandstones observed in the channel axis of the Banastón V 

Fan are interpreted as deposited under supercritical-flow conditions. This log is 

characterised by the abundance of erosional bedforms. Not all erosional bedforms are 

interpreted formed under supercritical-flow conditions, because their infills are mostly 

structureless. However, some of them show backset lamination underlined by pebbles 

and mudclasts, indicating good candidate large-scale cyclic step deposits (FA1a) (Fig. 

5.13A). There is also a large proportion of centimetre-scale scours and backfilling 
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structures interpreted as candidate small-scale cyclic-step deposits (FA1b). The 

majority of the SFDs in this log are related to the backset lamination located in the 

basal part of the concentrated density-flow deposits and turbidites (candidate stable 

antidune FA3). Others SFDs are associated to the planar-parallel lamination of the Tb 

division of the Bouma sequence observed in turbidites. Metre-scale lensing beds with 

low-angle foreset lamination are interpreted as subcritical-flow dune deposits (Fig. 

5.13B). 

The presence of erosional thick- to very thick-bedded pebbly debris-flow and 

erosive supercritical-flow bedforms indicate turbulent flows, incising the channel. 

Furthermore, this log was measured in a proximal basin-floor environment, near the 

break-of-slope environment where formation of hydraulic jumps is expected, that 

favours the development of erosional features. The high content of pebbles infilling 

metre-scale scours could also be formed and deposited due to hydraulic jump where 

most of the bedload is deposited while the hydraulic jump is migrating upstream. 

 

5.3.6.2 Channel off-axis of the Banastón V Fan 
 

Description 

 

Sedimentary Log 15 measured in the channel off-axis of the Banastón V Fan is located 

along the road N-260 at the north entrance of Boltaña Town (Figs 5.1, 5.11). This log 

is 64.5 m thick and composed of 378 beds of mudstones and sandstones with 228 

sandstone beds that represent 66% of the total lithologies (Appendix A17). The 

dominant bed thickness is thin-bedded sandstones with more 45% of the log. Medium- 

(25%) and very thin-bedded (24%) sandstones are also abundant. The dominant grain 

size is medium-grained sandstones with 19% of the log. A high proportion of fine- 

(14%) and coarse-grained (14%) sandstones, is noted (Table 5.1). The most common 

type of SGF deposits throughout Log 15 are thin-bedded turbidites with the typical 

sequence: structureless base, with planar-parallel and ripple-cross lamination at the 

top. The majority of the turbidites demonstrate a sharp base (Fig. 5.14A) but some 

show an erosive base, typically centimetre-scale scours filled by structureless deposits 

(Fig. 5.14B). Several concentrated density-flow deposits are also observed in this log. 

A good example is presented in figure 5.14C with two concentrated density-flow 

deposits normally graded with a pebbly structureless base graded to coarse-grained 
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sandstones with planar-parallel or foreset lamination at their top. Several beds show 

pervasive planar-parallel lamination that are possible to follow over >10 m. For some 

of these beds, the grain-size segregation between the lamination is clearly visible (Fig. 

5.14D). The uppermost 9 m of this log displays 13 thick- to very thick-bedded 

sandstones. Some of these beds have an erosive base associated with structureless 

deposits or backset lamination. In the figure 5.14E, flying the drone, it was possible to 

take picture of an asymmetric metre-scale scour filled by structureless sandstones. 

Where this outcrop is accessible (Fig. 5.14F), it was observed a wavy bedforms with 

backset lamination at the top. There is also a high content of mudclast, pebbles and 

nummulites in this interval. Three thin-bedded turbidites with ripple-cross lamination 

were also observed in this interval, alternating with thick-bedded concentrated 

density-flow deposits. Between 19–27 m, a very thick and muddy MTDs with a high 

degree of deformation and pebbles was observed with some interval of pebbly sandy 

debris-flow deposits. 

 

Interpretation 

 

Approximately 34% of the sandstones of Log 15, measured in the channel off-axis of 

the Banastón V Fan, are interpreted as deposited under supercritical-flow conditions. 

The majority of the SFDs observed in this log are linked with the Tb division of the 

Bouma sequence observed in turbidites. When backset lamination were observed at 

the base of sharp-based concentrated density-flow deposits and turbidites, they could 

be linked to stable antidunes (FA3). There is a high proportion of planar-parallel 

lamination that could be followed over 10 m, interpreted as candidate upper-plane bed 

deposits (FA4). The metre-scale scour observed at the top of the log is unique in Log 

15 (Fig. 5.14E). From the asymmetric shape of the scour and the palaeoflow direction, 

this scour might be the evidence of a hydraulic jump eroding the beds below. 

Unfortunately, the structureless beds infilling the scour does not confirm this 

hypothesis. However, where this outcrop is accessible (Fig. 5.14F), the wavy bedform 

associated with backset lamination indicate the presence of a candidate unstable 

antidune (FA2b). 
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Figure 5.14: Outcrop for Log 15, channel off-axis of the Banastón V Fan (A) Medium-
bedded turbidites with sharp base, showing the typical structureless Ta division of the 
Bouma sequence and planar-parallel lamination of the Tb division of the Bouma 
sequence. (B) Medium-bedded turbidites with an erosive base, showing the typical 
structureless Ta division of the Bouma sequence, the planar-parallel lamination of the 
Tb division of the Bouma sequence and a thin interval of ripple-cross lamination at the 
top. (C) Two stacked medium-bedded concentrated density-flow deposits with 
structureless pebbly sandstones at the base with a transition to planar-parallel 
lamination or to foreset lamination at the top. (D) Candidate upper-plane beds (FA4) 
where it is possible to observe a grain-size segregation between lamination. (E) Drone 
picture of the channel off-axis of the Banastón V Fan, where an asymmetric metre-
scale scour filled with structureless sandstones was observed. (F) Picture of the 
accessible part of the outcrop of picture 5.14E, where wavy bedform with backset 
lamination, interpreted as candidate unstable antidune FA2b, was observed. The 
location of the log on the right is indicated on figure 5.14E in red. 
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The Banastón V Fan shows no significant change in the percentage of SFDs 

from channel-axis site (39%) to channel off-axis site (34%). The channel-axis 

environment contains erosional supercritical-flow bedforms, e.g., candidate cyclic 

steps (FA1a and FA1b). Many candidate unstable and stable antidunes (FA2b and 

FA3) and upper-plane beds (FA4) deposits containing a high proportion of medium- 

and coarse-grained sandstones were recorded in channel off-axis environments. 

Therefore, it is still possible to observe a variation in the type of supercritical-flow 

bedforms (high or low Fr) between channel environments as observed in the Banastón 

IV Fan. 
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5.3.7 Banastón VI Fan 

 

Three sedimentary logs were measured in the Banastón VI Fan. Sedimentary Log 16 

was made in the channel axis, sedimentary Log 17 in the channel off-axis and 

sedimentary Log 18 in the channel margin. The log measured in the channel margin 

is approximately 1.6 km apart from the log measured in the channel off-axis and ~2.5 

km from the log made in the channel axis (Fig. 5.1). 

 

5.3.7.1 Channel axis of the Banastón VI Fan 
 

Description 

 

Sedimentary Log 16 starts along the road A-1604 and finishes along the Rio Ferrera. 

This log is 33 m thick and composed of 336 beds of sandstones and mudstones with 

220 beds of sandstones that represent 78% of the total lithologies (Appendix A18). 

The dominant bed thicknesses are thin- (37%) and medium-bedded (29%) sandstones. 

The dominant grain size is medium-grained sandstones with 33%. A high proportion 

of fine- (20%) and coarse-grained (20%) sandstones, is noted (Table 5.1). This log 

shows a relative equivalent proportion of concentrated density-flow deposits and 

turbidites. Most of the concentrated density-flow deposits show a sharp base, backset 

and foreset lamination and traction carpet deposits. Some of them have an erosive base 

associated with structureless deposits. A high content of mudclasts in the concentrated 

density-flow deposits was observed. Concentrated density-flow deposits with 

pervasive planar-parallel lamination are also common. Very thin- to medium-bedded 

turbidites have a base characterised as structureless or with backset and foreset 

lamination. There is a high proportion of planar-parallel lamination. Some of the 

turbidites are dipping in an upflow direction and show backset lamination in their 

lower part (Fig. 5.15A). In the road section, a shift in the channel axis and in the type 

of deposits was observed. In figure 5.15B, the first package is made of stacked very 

thin- and thin-bedded turbidites lensing toward the SE. The package above is made of 

medium- to thick-bedded concentrated density-flow deposits lensing toward the NW. 

Lensing concentrated density-flow deposits show a high content of mudclasts 

underlying backset lamination along with a high proportion of traction carpet deposits. 
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Thick-bedded, coarse- to medium-grained wavy bedforms with a wavelength varying 

from 2–4 m (Fig. 5.15C) were observed. Troughs at the top of the bedforms are filled 

by structureless sandstones.  

 

 
Figure 5.15: Outcrop for Log 16, channel axis of the Banastón VI Fan (A) Upflow-
dipping sigmoidal bedforms showing backset lamination at the base with a progressive 
transition to planar-parallel lamination (FA3). (B) Picture showing the shift in the 
epicentre from stacked turbidites to stacked concentrated density-flow deposits. 
Stacked thin-bedded turbidites are lensing toward the SE, whereas stacked 
concentrated density-flow deposits are lensing toward the NW. (C) Example of 
upflow-stacked wavy bedform showing backset lamination interpreted as candidate 
unstable antidunes (FA2b). Troughs at the top of the bedform are filled by structureless 
sandstones. 
 
 
 



 
 

188 

Interpretation 

 

53% of the sandstones of sedimentary Log 16 are interpreted as deposited under 

supercritical-flow conditions. No erosional supercritical-flow bedforms were 

observed. Most of the SFDs are related to depositional supercritical-flow bedforms 

such as upflow-stacked wavy bedforms interpreted as candidate unstable antidune 

(FA2b) (Fig. 5.15C), upflow-stacked sigmoidal bedforms such as candidate stable 

antidune (FA3) (Fig. 5.15A) and upper-plane beds (FA4). There is also a high 

proportion of planar-parallel lamination of the Tb division of the Bouma sequence that 

are interpreted as deposited under supercritical-flow conditions. Traction carpets and 

backset lamination observed in concentrated density-flow deposits, are also 

sedimentary structures linked to supercritical-flow conditions. The shift in the 

epicentre observed in figure 5.15B between the stacked turbidites and concentrated 

density-flow deposits might be due to a major erosive event that incise a new proto-

channel in the turbidites, filled later on by concentrated density-flow deposits. 

From the wavelength measured on the upflow-stacked wavy bedforms, it is 

possible to estimate the flow velocity. The relationship given by Hand (1974) is used, 

which links wavelength to flow velocity for antidunes created under density flows: 

 

 
Equation 3 

 
where g is the gravitational acceleration, L is the antidune wavelength and rflow and 

ramb are the densities of the flow and ambient water, respectively, where rflow is 

estimated to be 1.16 g.cm3 and ramb to be 1.0 g.cm3. Although these values are mere 

estimates, they indicate that candidate unstable (FA2b) observed in the channel axis 

of the Banastón VI Fan, with a wavelength varying from 2–4 m, were formed with a 

flow velocity ranging from 0.5–0.7 m/s. Velocities of turbidity currents can be up to 

~20 m/s (Heezen and Ewing, 1952). These velocities are considered for large-scale 

turbidity currents. In the case of the Ainsa Basin, velocities ranging from 0.5–0.7 m/s 

suggest small-scale turbidity currents, which is coherent with the basin architecture, 

e.g., relatively shallow and short. Furthermore, these velocities correspond to the 
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velocity range under which antidunes can develop (Cartigny et al., 2014, their fig. 

12A). 

 

5.3.7.2 Channel off-axis of the Banastón VI Fan 
 

Description 

 

Sedimentary Log 17 was measured along the road N-260 at the north entrance of 

Boltaña Town (Fig. 5.1; Fig. 5.11). This log is 59 m thick and composed of 390 beds 

of sandstones and mudstones with 260 beds of sandstones that represent 52% of the 

total lithologies (Appendix A19). The dominant bed thicknesses are thin- (43%) and 

very thin-bedded (31%) sandstones. The dominant grain sizes are coarse- (22%) and 

medium-grained (18%) sandstones (Table 5.1). The base of this log is composed of 

>6 m of muddy MTCs with high content of pebbles that might correspond to the MTCs 

between the Banastón V and Banastón VI fans. The base of the log is composed of (i) 

pebbly debris-flow deposits with both clast and matrix supported (Facies Class A), (ii) 

thick-bedded concentrated density-flow deposits mostly structureless and with a high 

content of nummulites and (iii) very thin-, thin- and medium-bedded turbidites with 

backset and planar-parallel lamination. In the middle of the sedimentary log, there is 

10 metres of structureless mudstones. The top of the log is composed of medium- to 

thick-bedded concentrated density-flow deposits showing some backset lamination 

and traction carpets (Facies Class B2). There is also a high proportion of very thin- 

and thin-bedded turbidites with planar-parallel and ripple-cross lamination (Facies 

C2.3). This log shows a high content of debris-flow deposits; therefore, Facies Class 

A represent >14% of the log. 

 

Interpretation 

 

Approximately 30% of the sandstones described in sedimentary Log 17 are interpreted 

as deposited under supercritical-flow conditions. No typical candidate supercritical-

flow bedform has been described in this log. Most of the SFDs are related to backset 

lamination and traction carpets observed in concentrated density-flow deposits, and to 

the planar-parallel lamination of the Tb division of the Bouma sequence observed in 

turbidites. The high proportion of debris-flow deposits might indicate a high 
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proportion of sediment bypass, therefore, indicating a low preservation of SFDs in this 

log. 

 

5.3.7.3 Channel margin of the Banastón VI Fan 
 

Description 

 

Sedimentary Log 18 is located along the Rio San Martin (Fig. 5.1). This log is 13 m 

thick and composed of 192 beds of sandstones and mudstones with 105 beds of 

sandstones that represent 33% of the total lithologies (Appendix A20). Bed 

thicknesses range from very thin- to medium-bedded sandstones but very thin- (51%) 

and thin-bedded (45%) sandstones are dominant. The dominant grain size is fine-

grained sandstones (16%) (Table 5.1). This log is composed of turbidites alternating 

with laminated mudstones. Ripple-cross lamination are the dominant sedimentary 

structures, with >16% of the log. Turbidites also show planar-parallel lamination. Two 

thin-bedded turbidites display backset lamination in their basal parts. Foreset 

lamination is also observed. 

 

Interpretation 

 

Approximately 30% of the sandstones described in this log are interpreted as deposited 

under supercritical-flow conditions. SFDs interpreted in this log are related to the 

planar-parallel lamination of the Tb division of the Bouma sequence and the backset 

lamination observed at the base of turbidites. 

From the three sedimentary logs in the Banastón VI Fan, a decrease in the 

proportion of SFDs is observed from the channel-axis to the channel off-axis and 

channel-margin sites. Because no candidate erosional supercritical-flow bedforms 

were observed, the Banastón VI Fan is considered to be more depositional rather than 

erosional (and with less sediment bypass), compared with the other systems: the 

overall Fr still being supercritical-flow, but generally lower than in the other Banastón 

fans. 
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5.3.8 The Usana Quarry case study 

 

The Banastón System was mainly studied in the Boltaña–San Vicente area, where it 

represents proximal basin-floor environments. In the Banastón–Usana area, the 

Banastón System is ~500 m thick and represents lower-slope depositional 

environment. Bayliss (2010) defined this area as the lower-slope canyon-channel 

transition. The Usana Quarry, located east of Usana Village, is still active and every 

year new outcrops are exposed. In 2017, the quarry displays good outcrop exposure 

of 3 channels of the Banastón V Fan. The Usana Quarry gives the occasion to analyse 

the lateral variation of SFDs in three channels of the Banastón V Fan. A total of 10 

short sedimentary logs were measured (logs A, B, C, D, E, F, G, H, I and J; Figure. 

5.16; Table 5.2). 

 

5.2.8.1 Channel 1 
 

In the Channel 1, four sedimentary logs were measured (from A to D) (Fig. 5.16). 

These logs show a proportion of sandstones ranging from 72% in Log A to 55% in 

Log D. The overall shape of the channel is thinning up toward the east, therefore Log 

A is defined to be measured in the channel axis or nearby the channel axis whereas 

Log D is supposed to be located toward the channel margin environment. The thickest 

sedimentary log is the Log A with >6 m and 62 beds. The dominant bed thickness in 

Log A is thin-bedded sandstones with a relative high content in coarse-grained 

sandstones. The dominant bed thickness in logs B, C, and D is medium-bedded 

sandstones with medium- and fine-grained sandstones dominant (Table 5.2). There is 

an increase in thick-bedded concentrated density-flow deposits on the edge of the 

channel and an increase in thin-bedded turbidites in the channel axis. This trend could 

explain the insignificant variation in the proportion of SFDs with 48% in Log A to 

42% in Log D (Fig. 5.16). The high proportion of thin-bedded turbidites in the channel 

axis could be linked with a high degree of sediment bypass and therefore poor 

preservation of SFDs. In these logs, no candidate supercritical-flow bedforms were 

observed. Most of the SFDs are related to backset and planar-parallel lamination. 
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5.2.8.2 Channel 2 
 

Three sedimentary logs were measured in the Channel 2 in the Usana Quarry (from E 

to G) (Fig. 5.16). As in Channel 1, an overall thinning of the channel toward the east 

is observed, therefore, Log E is supposed to be measured nearby or inside the channel 

axis environment of Channel 2. Whereas Log G were measured closed to channel 

margin environment of Channel 2. For the three logs, dominant bed thickness is thin-

bedded sandstones. The dominant grain size is medium-grained sandstones in the Log 

E of the Channel 2 whereas coarse-grained sandstones are dominant in logs F and G 

(Table 5.2). Most of the SFDs in these logs are related to backset and planar-parallel 

lamination. A good example of upflow-stacked wavy bedform with a wavelength 

ranging from ~1–2.5 m is interpreted as candidate unstable antidune (FA2b) (Fig. 

5.16; Log E). From this wavelength and Hand (1974)’s relationship (see section 

5.3.7.1; Equation 3), this candidate unstable antidune developed with an estimated 

flow velocity ranging from 0.3–0.5 m/s. 

For this channel, a decrease in the proportion of SFDs is observed from Log E 

with 48% (channel axis) to Log G with 17% (channel margin) linked with the decrease 

in flow strength and velocity toward the edge of the channel. 

 

5.2.8.3 Channel 3 
 

Three sedimentary logs were measured in the Channel 3 of the Usana Quarry (from H 

to J) (Fig. 5.16). In this case, it was difficult to determine in which detailed 

depositional environment the logs were measured, e.g., channel axis, off-axis or 

margin. The dominant bed thickness is thin-bedded sandstones in the three logs. 

Medium-grained sandstones are also dominant in the three logs (Table 5.2). In the 

three logs, no candidate supercritical-flow bedforms were observed and SFDs are 

related to backset and planar-parallel lamination (Tb division of the Bouma sequence). 

The highest proportion of SFDs is observed in Log I with >41% of the log. However, 

Log I is the shortest and only 28 sandstone beds were described in this log. 

Furthermore, the top of the log was inaccessible and therefore the SFD percentage 

could be higher or lower. Therefore, any interpretation of the percentage of SFDs in 

Channel 3 has to be made very carefully (Fig. 5.16). 
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Figure 5.16: Panoramic picture of the three channels of the Banastón V Fan in the 
Usana Quarry. Four sedimentary logs were measured for the Channel 1 and their 
locations are reported in the figure, as well as the three logs of channels 2 and 3. Log 
E displays a good example of a candidate unstable antidune (FA2b). 
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5.4 The Ainsa System 

 

5.4.1 Introduction 

 

The Ainsa System stratigraphically overlies the Banastón System. The Ainsa System 

comprises three sandy fans, interpreted as structurally confined, lower-slope 

submarine fans with erosional-depositional channels and proximal basin-floor 

environments (Pickering and Corregidor, 2005; Pickering et al., 2015). The fans show 

decreasing confinement from the Ainsa I to III fans, likely due to a period of relative 

tectonic quiescence within the basin. The Ainsa I Fan also shows more lateral 

confinement compared with the Ainsa II and III fans, due to the presence of type I 

MTCs creating topography (ponded accommodation) (Pickering et al., 2015). 

Sedimentary logs were only measured in the Ainsa I and III fans, in the lower-

slope environment of the Ainsa System. Two channels complex were studied in the 

Ainsa I Fan and one channel complex was analysed in the Ainsa III Fan. Although, 

the Ainsa II Fan has less accessible exposures for detailed sedimentological 

observations than the other Ainsa fans, it shows amazing cliff outcrop. Flying the 

drone, it was possible to take pictures and videos of the Ainsa II and III fans and 

analyse their architectural evolution. 

Interpretations of depositional environments of the Ainsa System and 

constituent fans are based on Pickering and Corregidor (2005) and Pickering et al. 

(2015). 

 

5.4.2 The Ainsa I Fan 

 

Two channel complexes were described in the Ainsa I System. The Ainsa I – channel 

complex 1 includes sedimentary logs 19 and 20, measured in the channel axis (Ainsa 

Quarry) and in the channel off-axis (along the road A138 – North of the Ainsa Quarry), 

respectively. The Ainsa I – channel complex 2 contains sedimentary logs 21, 22 and 

23, measured in the channel axis (Rio Royo), channel off-axis (Forcaz stream) and in 

the channel margin (in front of the Hotel Peña Montañesa), respectively. 
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5.4.2.1 The Ainsa I Fan – channel complex 1 
 

5.4.2.1.1 Channel axis of Ainsa I Fan – channel complex 1 
 

Description 

 

Sedimentary Log 19 in the Ainsa Quarry (Fig. 5.1) is ~26 m thick and composed of 

107 beds with 73 sandstone beds, that represent 82% of the total lithologies in this log 

(Fig. 5.17A; Appendix A21). The Ainsa Quarry presents an amazing bedform 

exposure and show typical turbidity deposits. The dominant bed thicknesses are 

medium- (32%) and thick-bedded (30%) sandstones. The dominant grain sizes are 

coarse- (41%) and medium-grained (23%) sandstones, resulting in a high proportion 

of the Facies classes B and C (Table 5.1). There is also an important proportion of 

pebbly sandstones interpreted as Facies Class A.  

The two main types of SGF deposits observed are concentrated density-flow 

deposits (here observed as a transition between a structureless pebbly sandstones to 

medium- and fine-grained structureless sandstones) and turbidites with typical 

sequence of structureless deposits, planar-parallel and ripple-cross lamination. Most 

of the beds show amalgamation surfaces sometimes underlined by pebbles and 

mudclasts. Typically, beds are lenticular on a length scale of ~5–20 m. Ripple-cross 

lamination are rare and present in thin-bedded, fine- to very fine-grained sandstones. 

Same proportion of bed with erosional base and sharp base is observed in the Ainsa 

Quarry. Pebbles imbrications, flutes-cast and grooves show a large variability in the 

palaeoflow directions from N184 to N340.  

The Ainsa Quarry shows very nice examples of metre- and centimetre-scale 

scours with backfilling structures. Two of these structures were observed in the same 

stratigraphic horizon located at the base of the quarry and spaced of ~400 m (Fig. 

5.17B and C). Several bedforms (thick- to thin-bedded sandstones) show a sharp base 

and backset lamination located at the base or /and in the middle or in the entire beds. 

These backset lamination display a large variability in the dip laminae from low-angles 

(~5º) to moderate-high angles (~15º). Backset lamination are associated with 

structureless beds and planar-parallel lamination located at the top. 
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Figure 5.17: (A) Panorama picture of the Ainsa I – channel complex 1 and 
interpretation in term of depositional environment, flow (particle-support 
mechanisms) and hydrodynamic. (B) Outcrop Log 19. Metre-scale scours and 
backfilling structures interpreted as candidate large-scale cyclic steps (FA1a). (C) 
Outcrop Log 19. Metre-scale scours and backfilling structures interpreted as candidate 
large-scale cyclic steps (FA1a). 
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Interpretation 
 

From observations, 52% of the sandstones described in Log 19 are interpreted as 

deposited under supercritical-flow conditions.  

The Ainsa Quarry shows the best examples of metre- and centimetre-scale 

scours and backfilling structures interpreted as candidate large- and small-scale cyclic 

steps deposits (FA1a and FA1b) observed in the Ainsa Basin. Two candidate large-

scale cyclic steps are located in the same stratigraphic horizon at the base of the Ainsa 

I Fan and could have been precursor to the development of the channel (Figs 5.17A, 

B). At a significantly larger scale, similar processes of active cyclic steps eroding a 

submarine canyon have been observed on the modern sea-floor in the Monterey 

channel (Fildani et al., 2006) and in the Eel Canyon, California (Lamb et al., 2008). 

At a smaller-scale, backset lamination observed at the base of the bed with 

structureless or planar-parallel lamination at the top could be interpreted as candidate 

long-wavelength stable antidune (FA3). Backset lamination underlined by mudclast 

indicate supercritical-flow condition and turbulence. Pebbles and angular mudclast 

underlying the backset lamination suggest the action of very erosive concentrated 

density flows or turbidity currents associated with increased turbulence due to the 

presence of hydraulic jumps (Komar, 1971; Garcia and Parker, 1989; Garcia, 1993; 

Ito et al., 2014). 

The Ainsa Quarry which was interpreted as a lower – base-of-slope / channel 

axis environment in previous publications, shows SFDs linked with a high degree of 

turbulence and erosion such as FA1a and FA1b. Mainly FA1a and FA1b were 

observed, which correspond to depositional environment with a break in the slope 

degree and an increase in flow turbulence. 

 

5.4.2.1.2 Channel off-axis of Ainsa I Fan – channel complex 1 
 

Description 

 

Sedimentary Log 20 is located ~ 500 m north of the Ainsa Quarry along the road A138 

(south entrance of Ainsa) (Fig. 5.1; Appendix A22). The base of the log is located at 

the entrance of the quarry and finishes ~300 m from the south entrance of Ainsa. This 

log is 25 m thick and composed of 224 beds with 134 sandstone beds, that represent 
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67% of the total lithologies in this log. The dominant bed thickness is thin-bedded 

sandstones with >45% of the log. The dominant grain size is coarse-grained 

sandstones with 23% of the log, although a high proportion of medium- (18%) and 

fine-grained (17%) sandstones, is noted (Table 5.1). The dominant bed thicknesses 

and grain sizes result in the dominance of the Facies Class C with 35%. Compared to 

the sedimentary log made in the Ainsa Quarry, very few erosive beds were observed. 

The quasi-absence of MTC was noticed, with only one MTD observed at the base of 

the log. Turbidites are the dominant type of SGFs, showing typical planar-parallel and 

ripple-cross lamination. Some centimetre-scale scours associated with backet 

lamination were observed. Backset and planar-parallel lamination are common in this 

log with most of the time, the backset lamination located at the base of the bed follow 

by the planar-parallel lamination at the top. Some beds show foreset lamination 

located either at the base of the bed followed by planar-parallel lamination, either 

observed in the entire bedform.  

 

Interpretation 

 

From observations of supercritical-flow structures, 59% of the sandstones in Log 20 

are interpreted as deposited under supercritical-flow conditions. This log was 

measured within two different depositional environments, e.g., a channel axis 

environment at the base of the log and channel off-axis at the top. The increase of 

ripple-cross lamination proportion toward the end of the log indicates that the flow is 

decelerating on the off-axis and margin of the channel. In this log, few centimetre-

scale scour-and-backfilling structures were observed and are interpreted as the FA1b, 

e.g. candidate small-scale cyclic steps. Bedforms showing a sharp base and backset 

lamination are interpreted as candidate stable antidune (FA3). 

In the case of Log 20, it is hard to make a link between the depositional 

environment and the proportion of SFDs as two different depositional environments 

(channel axis and channel off-axis) were recorded in the same log. The only reliable 

observation is that there is an increase in the number of beds identified as turbidites 

from the channel axis toward the channel off-axis and a decrease in the number of 

beds identified as concentrated density flow deposits from the channel axis toward the 

channel off-axis. It could be explained by an increase of turbulence from the channel 
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axis toward the channel margin and a decrease of grain collision in the flow from the 

channel axis toward the channel margin (Fig. 5.17). 

 

5.4.2.2 The Ainsa I Fan – channel complex 2 
 

5.4.2.2.1 Channel axis of Ainsa I Fan – channel complex 2 
 

Description 

 

Sedimentary Log 21 located in the channel axis of the channel complex 2 of the Ainsa 

I Fan, was measured along the Rio Royo (Fig. 5.1; Appendix A23). This log is 15 m 

thick and composed of 72 beds with 52 beds of sandstones, that represent 77% of the 

total lithologies in this log. Medium- (38%) and thick-bedded (23%) sandstones are 

the dominant bed thickness. Medium- (37%) and coarse-grained (34%) sandstones are 

the dominant grain sizes. The dominant bed thicknesses and grain sizes result in the 

dominance of the Facies Class B with >55% of the log (Table 5.1). This log also shows 

a large amount of beds with planar-parallel, foreset and backset lamination, most of 

the time underlined by mudclasts. Concentrated density-flow deposits are dominant in 

the log. They are normally graded deposits with pebbles at the base and many 

amalgamation surfaces. MTDs with muddy matrix and pebbles are seen at the base of 

the log (Facies Class A).  

As in the channel complex 1 of the Ainsa I Fan, metre-scale scour-and-

backfilling structure was observed at the bottom of the log (Fig. 5.18). Several beds 

with an erosive base are described in this sedimentary log. Few beds with sharp bases 

show very pervasive planar-parallel lamination with grain-size segregation between 

lamination. 

 

Interpretation 

 

Approximately 61% of the sandstones described in Log 21 are interpreted as deposited 

under supercritical-flow conditions. Scour-and-backfilling structures located at the 

base of the log were previously interpreted as a within-channel bar created mainly 

from sediment reworking by bypassing sediment gravity flows (Pickering et al., 

2015). Here, another interpretation in term of hydrodynamic is proposed (Fig. 5.18). 
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An erosional surface was observed, eroding the two beds located below. As this 

outcrop is located in a break-of-slope environment, the formation of hydraulic jump 

is expected. The scour is mainly filled by structureless deposits and backset lamination 

underlined by pebbles and mudclasts, highlighting upstream migration of the 

hydraulic jump during deposition. In this study, this bedform is interpreted as a 

candidate large-scale cyclic step (FA1a). Beds with sharp base and pervasive planar-

planar lamination are interpreted as candidate upper-plane beds (FA4). 

Erosional structures related to supercritical-flow conditions are mainly located 

toward the base of the log. Whereas the depositional supercritical-flow bedforms are 

mostly observed in the upper part of the sedimentary log. As observed in the Gerbe, 

Banastón and Ainsa I (channel 1) fans, erosional supercritical-flow bedforms at the 

base could indicate the first step of channel initiation (Fildani et al., 2006; Lamb et 

al., 2008). The lack of erosional structure and abundance of depositional supercritical-

flow bedforms in the upper part of the channel axis, could correspond to the 

progressive infilling of the channel. 
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Figure 5.18: Outcrop for Log 21, channel axis of Ainsa I Fan – channel complex 2. 
Hydrodynamic interpretation of the metre-scale scour and backfilling structure located 
at the base of the channel complex 2 (Ainsa I Fan) and interpreted as candidate large-
scale cyclic step (FA1a). (Step 1) Due to the break-of-slope environment, 
concentrated density-flow (with high content in pebbles) underwent a hydraulic jump 
eroding the unconsolidated seafloor. (Step 2) Just after the formation of the hydraulic 
jump, it starts to migrate upflow and to drop-off the bedload. Deposits are structureless 
downstream of the hydraulic jump whereas deposits show backset bedding within the 
scour. (Step 3) While the hydraulic jump is migrating upflow there is deposition of 
the bedload forming backset bedding. (Step 4) The hydraulic jump is getting weaker 
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and it is harder to observe backset bedding. Only structureless beds with floating 
pebbles and mudclast, and traces of backset bedding underlying by pebbles and 
mudclast were observed. The hydraulic jump is flushed downstream and there is a 
bypass of sediment that will be deposited farther downstream. (Step 5) A further event 
bypassed the hydraulic jump and therefore there is no more evidence of hydraulic 
jump. 
 

 

5.4.2.2.2 Channel off-axis of Ainsa I Fan – channel complex 2 
 

Description 

 

Sedimentary Log 22, measured in the channel off-axis of complex 2 of the Ainsa I 

Fan, is located along the Forcaz Stream. This log comprises 221 beds with 132 

sandstone beds, that represent 46% of the total lithologies in this log (Appendix A24). 

The dominant bed thicknesses are very-thin- (41%) and thin-bedded (37%) 

sandstones. The dominant grain sizes are medium- (21%) and fine-grained (15%) 

sandstones. Both of these characteristics lead to the dominance of the Facies Class C 

with >24% (Table 5.1). Turbidites with planar-parallel and ripple-cross lamination, 

are the dominant SGF deposits in this log. Very few beds show erosional base and 

most of the basal part of the beds are sharp and structureless. Compared to the 

sedimentary log measured in the channel axis of channel complex 2 of Ainsa I Fan 

(Rio Royo), there is an increase in the proportion of ripple-cross lamination and a 

decrease in the proportion of planar-parallel and cross lamination (backset and 

foreset).  

 

Interpretation 

 

Approximately 44% of the sandstones in Log 22 are interpreted as deposited under 

supercritical-flow conditions. Most of the SFDs in this log are related to long-

wavelength stable antidunes (FA3) and to the planar-parallel lamination of the Tb 

division of the Bouma sequence observed in turbidites.  

The increase in the proportion of ripple-cross lamination from the channel axis 

(Log 21) to the channel off-axis (Log 22), indicates that there is a decrease of the flow 

velocity and strength away from the channel axis. This interpretation is also supported 
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by a decrease in the percentage of planar-parallel and backset lamination. 

Furthermore, as in the Ainsa I Fan – channel 1, there is an increase of the number of 

turbidites and a decrease of the number of concentrated density-flow deposits away 

from the channel axis. It can be explained by an increase of turbulence from the 

channel axis toward the channel margin and a decrease of grain collision in the flow 

from the channel axis toward the channel margin. Both of these variations could be 

explained by a decrease of the flow velocity and strength from the channel axis toward 

the channel margin. 

 

5.4.2.2.3 Channel margin of Ainsa I Fan – channel complex 2 
 

Description 

 

Sedimentary 23 measured in the channel margin of the channel complex 2 of the Ainsa 

I Fan, is located in front of the hotel Peña Montañesa. This sedimentary log is short 

and about ~8 m thick and composed of 183 beds with 105 sandstone beds (49% of the 

total lithologies) (Appendix A25). Very-thin bedded sandstones are dominant with 

>70% of the log. Fine-grained sandstones are largely dominant with 33% of the log. 

Both indicate a dominance of the Facies Class C (27%) (Table 5.1). There is a high 

proportion of Facies Class D (>13%). Ripple-cross lamination are the dominant 

sedimentary structures with >19% of the log. The most common SGF deposits 

observed in this log is very-thin bedded, very-fine grained turbidites with planar-

parallel and ripple-cross lamination as internal architecture. 

 

Interpretation 

 

Approximately 31% of the sandstones described in this log are interpreted as deposited 

under supercritical-flow conditions. Most of the SFDs in this log are related to the 

planar-parallel lamination of the Tb division of the Bouma sequence. No supercritical-

flow bedforms were identified in this log.  

This low proportion of supercritical-flow structures corroborates with the 

observations done above, that there is a decrease in the flow velocity and strength 

away from the channel axis leading to a decrease in the Fr. 
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5.4.3 The Ainsa III Fan 

 

Two sedimentary logs were measured in the Ainsa III Fan. Log 24 was made in the 

channel axis of the Ainsa III Fan and Log 25 in the channel off-axis. Log 24 is located 

~1 km south of Log 25. 

 

5.4.3.1 The channel axis of the Ainsa III Fan 
 

Description 

 

Log 24 measured in the channel axis of the Ainsa III Fan, is located along the Rio 

Buchosa (Fig. 5.1). This log is 32 m thick and composed of 327 beds with 311 

sandstone beds, that represent 92% of the total lithologies in this log, leading to one 

of the highest proportion of sandstones from all the logs measured in the Ainsa Basin 

(Appendix A26). Even if there is a very high proportion of sandstones, very-thin 

bedded sandstones are dominant with >51%. Fine-grained sandstones are the 

dominant grain size with 49% of the log (Table 5.1). The distinctive characteristic of 

this log is the high proportion of cross lamination, representing >54% of sedimentary 

structures described in this log. Cross lamination show a large variation in the dip of 

lamination from sub-horizontal to low-angle backset and foreset lamination, leading 

to the dominance of the Facies Class B, particularly the Facies Group B2.2. Most of 

the beds showing cross lamination are amalgamated upflow-stacked very-thin bedded 

lenses, explaining the high proportion of very-thin bedded sandstones in the log (Fig. 

5.19). It is difficult to determine precisely the upper and lower boundaries of a single 

event as the lenses are amalgamated. Therefore, each lens is described as a "single 

event", acknowledging the possibility that a set of amalgamated lenses (with the top 

and bottom delimited by the observation of ripple-cross lamination) could be a single 

event. Thin- to medium-bedded turbidites were also observed at the top and bottom of 

the log with planar-parallel and ripple-cross lamination. 
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Interpretation 

 

Approximately 66% of the sandstones described in Log 24 are interpreted as deposited 

under supercritical-flow conditions. This log shows the best example of upflow-

stacked centimetre-scale lenses interpreted as candidate unstable antidune (FA2a). 

The first interpretation of these types of supercritical-flow bedforms in the Ainsa Basin 

were undertaken in this log. Figure 5.19 shows the different example of unstable 

antidune (FA2a) interpreted in this log, e.g., convex-up and concave-up lenses. More 

than 40% of the SFDs in this log are related to the unstable antidune FA2a, mainly 

composed of medium to fine-grained sediments. Unstable antidune FA2a observed in 

Log 24 indicate a high sand supply in the flow (compared with the train of solitary 

lenses interpreted as unstable antidune FA2a, see section 4.3.1). A small percentage 

of SFDs is related to the planar-parallel lamination of the Tb division of the Bouma 

sequence and traction carpets, mainly located at the base and at the top of the log. 
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Figure 5.19: Outcrop for Log 24, channel axis of the Ainsa III Fan (A) Upflow-
dipping centimetre-scale lenses with a convex-up shape, varies between 10–30 cm 
thick, normally-graded, medium- to fine-grained sandstones. Most of the lenses are 
structureless at the base and show backset lamination at the top. Some lenses show 
foreset lamination at the top with truncation. This bedform is interpreted as candidate 
unstable antidune (FA2a) with a high sand supply in the flow during deposition. (B) 
Upflow-dipping centimetre-scale lenticular beds observed in the channel axis of the 
Ainsa III Fan, interpreted as candidate unstable antidune (FA2a) with a high sand 
supply in the flow during deposition. In this outcrop, the lensoid beds show an upward-
thinning trend toward the top from medium- to very-thin bedded sandstones. Large 
variation in the dip of lamination is observed from sub-horizontal to backset and 
foreset lamination and multiple truncation surfaces. (C) Upflow-dipping centimetre-
scale lenticular beds interpreted as candidate unstable antidune (FA2a). In this case, 
lenses with a concave-up shape can reach ~1 m thick. They show a large variability in 
the dip of lamination from backset, sub-planar parallel to foreset lamination. Many 
truncation surfaces are also observed. 
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5.4.3.2 The channel off-axis of the Ainsa III Fan 
 

Description 

 

Log 25 was measured in the channel off-axis of the Ainsa III Fan, is located at the 

south entrance of Ainsa Town along the road A-138 (Fig. 5.1). This log is 30 m thick 

and composed of 135 beds with 116 sandstone beds, that represent 46% of the total 

lithologies in this log (Appendix A27). The dominant bed thickness is very-thin 

bedded sandstones with >51% of the log. The low proportion of sandstone beds and 

high proportion of the mudstones is explained by several very-thick bedded MTDs 

that can exceed ~ 6 m in thickness. Regarding the sandstone beds, the dominant grain 

sizes are medium- (40%) and fine-grained (28%) sandstones (Table 5.1). A relative 

high proportion of coarse-grained sandstones was observed in this log. There is an 

equivalent proportion of concentrated density-flow deposits and turbidites. 

Concentrated density-flow deposits are mostly structureless with high content of 

pebble and mudclasts. Some concentrated density-flow deposits show backset 

lamination on their basal parts. Turbidites display the typical sequence of structureless, 

planar-parallel and ripple-cross lamination, explaining the high proportion of the 

Facies Class C in this log (29%).  

 

Interpretation 

 

Approximately 34% of the sandstones described in Log 25 are interpreted as deposited 

under supercritical-flow conditions. Very few supercritical-flow bedforms were 

observed and interpreted in the channel off-axis of the Ainsa III Fan. Most of the SFDs 

are related to the backset lamination observed in the concentrated density-flow 

deposits and to the planar-parallel lamination of the Tb division of the Bouma 

sequence. This log is mainly dominated by MTCs and structureless sand, leading to 

no interpretation in term of flow criticality and explaining the relatively low 

percentage of SFDs compared with the log measured in the associated channel axis in 

the Rio Buchosa (66%). Conglomeratic and coarse-grained sandstone beds can be 

interpreted as the vestiges of bedload bypass processes through the channel off-axis to 

depositional sites basinwards in the more distal parts of channels and lobes. 
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5.4.4 The Ainsa II Fan cliff-case study 

 

The Ainsa II Fan shows amazing cliff outcrop, however, it has less accessible exposure 

for detailed sedimentological observations. Flying the drone, it was possible to take 

pictures and videos of the Ainsa II and III fans outcropping along the road A-138 

between the Ainsa and Labuerda towns. 

Figure 5.20 displays the panorama made from the assembly of the drone 

pictures. Two channels are recognised in the Ainsa II Fan, named “Channel 1” and 

“Channel 2” in this study. Because no erosional surface was observed at the base of 

Channel 1, only the upper part of the channel is suspected to be exposed. Most of the 

beds are defined as tabular thin- to medium-bedded sandstones with sharp bases. Few 

lensing sandstones beds are also observed. Yet, no metre-scale scours are detected in 

this part of the channel. The resolution does not allow to distinguish centimetre-scale 

structures. This part of this channel can be characterised as heterolithic material 

infilling Channel 1. 

Channel 2 of the Ainsa II Fan (Fig. 5.20) displays an erosional surface at its 

base. Channel 2 is eroding the Channel 1 and there is a shift of the deposits toward the 

southeast. This south-eastward shift in the depositional axis might be related to 

intrabasinal tectonic controlling the position of the submarine fans and the process of 

“seesaw tectonic” induced by the growth of the Mediano and Boltaña anticlines 

(Pickering and Bayliss, 2009; Pickering et al., 2015). The lower part of the channel is 

characterised by medium- to very-thick bedded sandstones with metre-scale erosive 

base, that might correspond to erosional coarse-grained supercritical-flow bedforms. 

These beds are thinning up toward the edges. The upper part of the channel is defined 

by medium- to thin-bedded sandstones, most of them showing a sharp base that may 

be interpreted as depositional fine-grained supercritical-flow bedforms, testifying of 

the progressive infilling of the channel. Furthermore, Pickering and Corregidor (2005) 

suggested that the overall thinning-and-fining-upward trend at the top of the Ainsa II 

Fan represents the abandonment phase of the Ainsa II Fan. Channel 2 shows a good 

example of the hypothesis raised in this chapter about the architectural evolution of 

the Gerbe II Fan, Banastón IV and Ainsa I (channel 1 and 2) fans, e.g., erosional 

supercritical-flow bedforms located at the base of the channel could be evidences of 

the first step of channel initiation and depositional supercritical-flow bedforms could 
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illustrate the progressive infilling of the channel while the confinement is gradually 

decreasing leading to a decrease in the Fr. 

 The base of the channel of the Ainsa III Fan is represented by a spoon-

shaped megascour eroding the deposits of the Ainsa II Fan (Channel 2) (Fig. 5.20). 

The infill of this scour is mainly thin- to very-thin bedded sandstones identified as 

heterolithic material. The width of this scour is estimated ~1 km. Dakin et al. (2013) 

interpreted this scour as the result of a large-scale erosive debris flow removing more 

than ~35 m of previously deposited Ainsa II channelised sandstones, leaving only ~4 

m of sandstones preserved beneath the basal scour. The debris flow is suspected to 

have travelled and deposited farther downstream, in the more distal Jaca Basin.  
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Figure 5.20: Panoramic view of the Ainsa II and III fans showing the two channels of 
the Ainsa II Fan. Channel 2 is cut by a megascour surface (as indicated by the red line 
in the lower image). Infills of the megascour correspond to heterolithic deposits of the 
Ainsa III Fan. 
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5.5 Conclusions 

 

From the 7-month fieldwork campaign, a total of 25 sedimentary logs were measured 

in three contrasting depositional environments in the Ainsa Basin: (i) mid-slope 

environments in the Gerbe System, (ii) proximal basin-floor environments in the 

Banastón System and (iii) lower-slope environments in the Ainsa System. For each 

log, the percentages of sandstones and mudstones, bed thickness, facies, grain size and 

proportion of SFDs were calculated. The lowest proportion of SFDs was observed in 

the mid-slope environment of the Gerbe System, whereas the highest proportion of 

SFDs occurs in the lower-slope environment of the Ainsa System. It is also noteworthy 

that the highest proportion of sandstones were recorded in the logs of the Ainsa 

System. The mid-slope environment of the Gerbe System shows the highest 

proportion of erosional supercritical-flow bedforms with few depositional 

supercritical-flow bedforms. The Banastón System shows an equivalent proportion of 

erosional and depositional supercritical-flow bedforms, although there is a decrease in 

the proportion of erosional supercritical-flow bedforms from Banastón I to VI, with 

the absence of erosional supercritical-flow bedforms in the Banastón VI. Finally, 

except for the three examples of large-scale cyclic steps located at the base of the 

Ainsa I Fan, the Ainsa fans are characterised by the high proportion of depositional 

supercritical-flow bedforms. 

A similar distribution of the types of supercritical-flow bedforms in the Gerbe 

II Fan, Banastón IV and Ainsa I (channel 1 and 2) and II fans is observed: a higher 

proportion of erosional supercritical-flow bedforms occurs towards the base of the 

sedimentary log whereas a higher proportion of depositional supercritical-flow 

bedforms was observed in the upper part of the log. The abundance of erosional 

supercritical-flow bedforms in the base of the channels could provide evidence for the 

first step of channel initiation, and the high proportion of depositional supercritical-

flow bedforms in the upper part of the channel likely shows the progressive channel 

infilling. 

 

The distribution of SFDs compared with depositional environments is considered in 

Chapter 7. 
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Table 5.1: Percentage of the total thickness calculated for each sedimentary log of 
sandstones and mudstones (siltstones are included in sandstone percentages), bed 
thickness (very thin beds, 1–3 cm; thin beds, 3–10 cm; medium beds, 10–30 cm; thick 
beds, 30–100 cm; very thick beds, >100 cm; Pickering and Hiscott, 2016), Facies 
Classes (Facies Class A, gravels, muddy gravels, gravelly muds and pebbly sands; 
Facies Class B, sands; Facies Class C, sand-mud couplets and muddy sands; Facies 
Class D, silts, silty muds and silt-mud couplets; Facies Class E, muds and clays; facies 
classification scheme of Pickering and Hiscott, 2016), grain size and proportion of 
SFDs (the percentage of mudstones is not taken into account in the calculation of 
proportion of SFDs). The sedimentary logs are from various fan environments in an 
across-fan (axial-to-lateral) direction (channel axis to the channel margin and levée-
overbank) and in a proximal-to-distal (longitudinal) direction, from a mid-slope 
environment (Gerbe System), proximal-basin floor environment (Banastón System) 
and lower-slope environment (Ainsa System).
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Table 5.1 (continued)
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Table 5.1 (continued) 
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Table 5.2: Table summarising the percentages of sand / mud ratio, bed thicknesses, 
facies classes (facies classification scheme of Pickering and Hiscott, 2016), grain sizes 
and sandstones deposited under supercritical-flow conditions for the 10 sedimentary 
logs measured in the three channels the Banastón V Fan in the Usana Quarry. 
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Chapter 6  
 

 

SFDs IN THE JACA BASIN 
 

 

 

6.1 Introduction 

 

To improve the understanding of submarine-lobe architectural evolution based on 

hydraulic interpretations, three months of fieldwork in the Jaca Basin was undertaken. 

25 sedimentary logs were made through various lobe-and-related environments from 

selected depositional systems (from the proximal to the distal parts) of the Jaca Basin. 

In total, >9,400 beds were described and interpreted in terms of flow dynamics. Four 

submarine lobe systems were selected, from the oldest to youngest: the Broto, 

Cotefablo, Banastón and Jaca systems. The submarine lobes in the Jaca Basin are less 

well known and studied than the channelised deposits in the Ainsa Basin. Therefore, 

before describing the sedimentary logs in terms of hydrodynamics, it was necessary 

to refine the mapping of the detailed depositional environments of the submarine 

lobes, e.g., the lobe-axis, off-axis (lateral margin), lobe-fringe (both laterally and 

distally) and lobe distal-fringe deposits (basinwards). 

In this chapter, detailed mapping of each submarine lobe system in the Jaca 

Basin is presented based on sandstone content (see section 2.6). Once the depositional 

environments are defined, the sedimentary characteristics used to interpret the logs in 

term of hydrodynamics are presented, followed by an interpretation of the logs in 

terms of hydrodynamics. A geological map of the Jaca Basin is presented in Chapter 

3, Figure 3.9. 

In this chapter, the oldest submarine lobe system in the Jaca Basin is described 

first, i.e., the Broto System (Section 6.2), followed by the Cotefablo (Section 6.3), 

Banastón (Section 6.4) and Jaca (Section 6.5) systems. 
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The distribution of SFDs within the various depositional environments is 

provided in Chapter 7. Table 6.1 summarises the percentages of sandstones and 

mudstones, bed thicknesses, facies, grain sizes and SFDs and is presented at the end 

of this chapter. 

 

6.2 The Broto System 

 

6.2.1. Introduction 

 
The Broto System is the oldest and one of the most studied sandy fans in the Jaca 

Basin, extending from the Fiscal to Roncal area (Fig. 3.9). Additional details about the 

age and basin geometry during the deposition of the Broto submarine fans are given 

in section 3.5.3. 

For this study, seven sedimentary logs were measured in the Broto System. 

The most proximal sedimentary log is located east of Broto in the Fanlo Pass (Log 1) 

(Fig. 6.1A) and the most distal sedimentary log was measured along the road north of 

Aragüés del Puerto (Log 7) (Fig. 6.1A) (Table 6.1). The location of each sedimentary 

log is shown in figure 6.1A. 

 

6.2.2 Mapping and interpretation of the depositional environments 

 

Depositional environments for the seven logs measured in the Broto System 

are interpreted based on the sandstone content using the scheme proposed by Spychala 

et al. (2017). From the seven sedimentary logs made in the Broto System, three 

different depositional environments are recognised: lobe-axis, lobe off-axis and lobe-

fringe environments (Figure 6.1A). Sedimentary Log 1 (Fanlo Pass) and Log 5 (4 km 

North of Biescas), show typical sandstone content for lobe-axis deposits. Logs 2 

(Fanlo-Sarvise road section), 3 (Rio El Chate), 4 (Broto – Torla road intersection) and 

6 (1 km North of Biescas), are typical of lateral-lobe off-axis environments. 

Sedimentary Log 7 (Aragüés del Puerto) shows <50% sandstones, regarded as typical 

of lobe-fringe environments. 
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Figure 6.1: (A) Map with the location of the sedimentary log associated with their 
depositional environment in the Broto System. (B) Graphic showing the percentage of 
sandstones for each log. Dashed lines on the graphic show the limit as defined by 
Spychala et al. (2017) between the lobe-axis, off-axis and fringe environments. 
Interpretation of the depositional environments are based on this graphic and reported 
in the map for the mapping of the depositional environment in the Broto System 
(distance indicated on the graph is the distance measured from the most proximal 
sedimentary log, e.g., Log 1). 
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6.2.3 The lobe-axis environments of the Broto System 

 

Based on the sandstone content, two sedimentary logs were measured in the lobe-axis 

sites in the Broto System. 

 
6.2.3.1 Sedimentary Log 1 
 

Description 

 

Sedimentary Log 1 is located along the road HU-631 near the Fanlo Pass. This log is 

14.8 m thick and composed of 174 beds of sandstones and mudstones with 135 

sandstone beds that represent 90% of the total lithologies (Appendix B1; Table 6.1). 

This log is the most proximal log measured in the Jaca Basin and shows the highest 

proportion of sandstones, and is interpreted as lobe-axis depositional environments 

(cf. Spychala et al., 2009). The dominant bed thicknesses are thin- (46%) and medium-

bedded (22%) sandstones. Fine-grained sandstones are dominant as >60% of the total 

log. The dominant type of SGFs are thin-bedded turbidites (Facies Class C), having a 

structureless base and planar-parallel lamination. Ripple-cross lamination is also 

present as 17% of the total recorded sedimentary structures. The base of the log is 

composed of several package of medium- to thick-bedded sandstones. Upflow-wavy 

bedforms were recorded at the base of the log with a large variability in the azimuthal 

dip of lamination (Fig. 6.2A). Several beds with pervasive planar-parallel lamination 

with grain-size segregation were recorded. A thinning-upward trend is present with a 

decrease in the proportion of medium- to thick-bedded sandstones towards the top. 

 

Interpretation 

 

34% of the sandstones described in Log 1 are interpreted as deposited under 

supercritical-flow conditions. This log shows the highest percentage of SFDs in the 

Jaca Basin. Typical supercritical-flow bedforms observed in this log is upper-plane 

beds (FA4) (Figure 6.3B). Upflow-dipping wavy bedforms (FA2b) associated with 

backset lamination were observed in package of medium- to thick-bedded sandstones 

at the base of the log (Figure 6.3A). Several beds show backset lamination at the base 

with a progressive transition to planar-parallel lamination. These types of beds are  
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interpreted as partly formed under supercritical-flow conditions with a progressive 

decrease in the flow strength and velocity and with a transition to subcritical flow at 

the top, when ripple-cross lamination was observed. 

 

 

 
Figure 6.2: Outcrop for Log 1 (A) Packages of thick- to very-thick-bedded sandstones 
alternating with thin- to very-thin bedded sandstones with ripple-cross lamination. The 
upflow-stacked wavy bedforms in the thick-bedded sandstones are interpreted as 
candidate unstable antidunes (FA2b). (B) Amalgamated very-thin bedded sandstones 
in a bed showing candidate upper-plane beds (FA4). 
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6.2.3.2 Sedimentary Log 5 
 

Description 

 

Sedimentary Log 5 is located 4 km north of Biescas Town along the road A-136. This 

sedimentary log is 10.1m thick and composed of 142 beds of sandstones and 

mudstones with 90% sandstones (Fig. 6.3A; Appendix B5; Table 6.1). This log is quite 

short due to the poor exposure at the top of the log with a high degree of weathering. 

Thin- (39%), very thin- (32%) and medium-bedded (26%) sandstones are dominant. 

The dominant grain sizes are medium- (39%) and fine-grained (39%) sandstones. 

These characteristics result in the high proportion of Facies classes C (48%) and B 

(42%). As in Log 1, a thinning-upward trend is present. The base of the log is 

dominated by concentrated density-flow deposits, whereas a high proportion of 

turbidites occur in the upper part of the log. Several sandstone beds show backset 

lamination in their basal or upper part. Planar-parallel lamination was observed in 

turbidites but also in concentrated-density flow deposits. Some sandstones in the lower 

part of the log show several amalgamation surfaces and erosional surfaces and lensing 

bedforms (Fig. 6.3B). Flame structures were also observed at the base of some 

bedforms, e.g., Fig 6.3C.  

 

Interpretation 

 

32% of the sandstones described in Log 5 are interpreted as being deposited under 

supercritical-flow conditions. This log shows sandstone bed packages that are typical 

facies and facies associations of sheet-like sandy lobes, meaning a proximal zone of 

lobe environment, which strengthens the interpretation of a lobe-axis depositional 

environment. Erosional and lensing bedforms suggest a high degree of sediment 

bypass (Fig. 6.3B). Bedforms with a sharp base and associated with backset lamination 

are interpreted as candidate stable antidunes (FA3), although the exposure is 

insufficient to observe if bedding dips upflow. Most of the SFDs interpreted in this 

log are related to planar-parallel lamination observed in turbidites and interpreted as 

the Tb division of the Bouma sequence. Flame structures associated with backset 

lamination could suggest the presence of a hydraulic jump during deposition (Fig. 

6.3C). 
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Figure 6.3: (A) Representative outcrop for Log 5. Note the high content of sandstones 
throughout this log. (B) Example of lensing bed located at the base of Log 5. Here, 
lenses are perpendicular to the palaeoflow, suggesting sediment bypass. (C) Medium-
bedded, fine-grained sandstones showing backset lamination at the base with a 
progressive transition to planar parallel lamination. Ripple-cross lamination is present 
at the top, suggesting a waning flow. Flame structures were observed at the base of 
the bed. 
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6.2.4 The lobe-off-axis environment of the Broto System 

 

6.2.4.1 Sedimentary Log 2 
 

Description 

 

Sedimentary Log 2 was measured along the road HU-631 between Fanlo and Sarvise 

villages. This log is 17.7 m thick and composed of 306 beds of sandstones and 

mudstones, with 220 beds of sandstones that represents 81% of the total lithologies 

(Fig. 6.4; Appendix B2; Table 6.1). The high content of sandstones indicates that this 

log is close to the relative boundary lobe axis / off-axis. Very-thin- (53%) and thin-

bedded (30%) sandstones are the dominant thickness. Fine-grained sandstones are 

dominant comprising more than 47% of the total log. Turbidites with typical planar-

parallel and ripple-cross lamination are common in the log. Facies Class C is 

dominant, representing more than 52% of the total log. A small number of 

concentrated density-flow deposits show backset lamination and traction carpet 

deposits associated with structureless deposits. Several turbidites also display foreset 

lamination in their basal part with planar-parallel lamination above. 

 

Interpretation 

 

27% of the sandstones described in Log 2 measured in the lobe lateral off-axis of the 

Broto System, are interpreted as deposited under supercritical-flow conditions. The 

majority of sediments deposited under supercritical-flow conditions are related to 

planar-parallel lamination of Tb division of the Bouma sequence. In the whole log, 

only one bed was interpreted as a potential depositional supercritical-flow bedform, 

e.g., candidate stable antidune (FA3). Traction carpet deposits associated with 

structureless deposits are also interpreted as forming under supercritical-flow 

conditions. Foreset lamination located at the base of turbidites is related to subcritical 

dune bedforms. 
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Figure 6.4: Picture of the base of the log of sedimentary Log 2. 
 

 

6.2.4.2 Sedimentary Log 3 
 

Description 

 

Sedimentary Log 3 is located along the road HU-631 nearby Rio El Chate. This log is 

59.1 m thick and composed of 738 beds of sandstones and mudstones with 477 beds 

of sandstones that represents 58% of the total lithologies (Appendix B3; Table 6.1). 

Very-thin (50%) and thin-bedded (31%) sandstones are dominant. Fine-grained 

sandstones dominate (34%) and turbidites are the dominant type of SGF deposits. 

Turbidites show the following sequence: structureless base with planar-parallel and 

ripple-cross lamination above (Fig. 6.4A). The absence of a structureless base for 

some turbidites is noted, having been replaced by planar-parallel lamination located 

at the base of the bed (Fig. 6.4B). Several concentrated density-flow deposits with 

backset and foreset lamination were observed as well as traction carpet deposits. A 

megaturbidite of 1.24 m composed of 7 thick- to very-thin-bedded sandstones with 
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typical structureless base and planar-parallel and ripple-cross lamination was observed 

in the middle of the log (Fig. 6.4C). 

 

Interpretation 

 

34% of the sandstones described in Log 3 are interpreted as deposited under 

supercritical-flow conditions. No typical candidate supercritical-flow bedform was 

observed in this log. SFDs in this log are only related to sedimentary structures formed 

under supercritical-flow conditions. The majority of SFDs are related to the planar-

parallel lamination of the Tb division of the Bouma sequence observed in turbidites. 

Backset lamination and traction carpet deposits observed in concentrated density-flow 

deposits, are also interpreted as formed under supercritical-flow conditions. Backset 

lamination located at the base of the beds are very localised in the bed and could not 

be followed for more than 5 m, making the interpretation in terms of candidate stable 

antidune (FA3) impossible. Several examples of candidate dunes were also observed. 

The presence of a megaturbidite in this log could be the result of reflective 

flow in the Jaca Basin (Bell et al., 2018), however, ripple-cross lamination indicates 

only one palaeflow direction, e.g., toward the W-SW. 
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Figure 6.5: Outcrop for Log 3 (A) Typical thin-bedded turbidite observed in the Log 
3 showing Tabc divisions of the Bouma sequence. (B) Typical packages of thin-bedded 
turbidites with Tbc divisions of the Bouma sequence. (C) Megaturbidite including 
seven turbidites separated by amalgamation surfaces marked in black on the figure. 
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6.2.4.3 Sedimentary Log 4 
 

Description 

 

Sedimentary Log 4 was measured along the road N-260, just after the road intersection 

between the villages of Broto and Torla. This log is 40.7 m thick and composed of 733 

beds of sandstones and mudstones with 436 sandstone beds that represent 67% of the 

total lithologies (Appendix B4; Table 6.1). The sedimentary log is upside down and 

was ended because of poor exposure and considerable weathering at the top. The view 

over the other side of the valley, however, suggests that this fan is thicker than the 

sedimentary log measured along the road (Fig. 6.6A). The dominant bed thickness is 

very-thin- (63%) and thin-bedded (27%) sandstones. The dominant grain sizes are 

fine- (41%) and very fine-grained (19%) sandstones. Packages of very-thin bedded 

and very-fine grained sandstones (Facies C2.3) are common facies in this log, showing 

planar-parallel and ripple-cross lamination (Fig. 6.6B). Turbidites display a high 

proportion of convolute lamination (Fig. 6.6C). Most of the medium- to thick-bedded 

concentrated density-flow deposits (Fig. 6.6D) observed in this log display cross 

lamination, including backset and foreset lamination located at the base of the beds. 

These cross laminations are generally overhung by planar-parallel lamination. Only 

one example of concentrated density-flow deposits with traction carpet associated 

with structureless deposits was observed in this log. 

 

Interpretation 

 

31% of the sandstones described in Log 4 are interpreted as deposited under 

supercritical-flow conditions. Most of the sediments interpreted as SFDs are related to 

planar-parallel lamination of the Tb division of the Bouma sequence. Concentrated 

density-flow deposits showing backset and planar-parallel lamination are also 

interpreted as formed under supercritical-flow conditions. The transition between 

backset to planar-parallel lamination indicates a waning flow but still under 

supercritical conditions (Fr >1). No interpretation in terms of flow dynamics can be 

made for the interpretation of convolute lamination because it is evidence of post-

depositional fluid escape. No candidate supercritical-flow bedform was observed in 

this log. 
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Figure 6.6: (A) Lobe lateral off-axis of the Broto Fan measured in Log 4, outcropping 
on the two sides of the valley. (B) Thin-bedded, normal graded fine-grained 
sandstones with parallel lamination (Tb division) and progressive transition to ripple-
cross lamination (Tc). (C) Thin-bedded, normal graded fine-grained sandstones with 
planar-parallel lamination at the base (Tb division) and convolute lamination at the top 
(Tc division) (D) Packages of thick- to thin-bedded sandstones with amalgamation 
surfaces. 
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6.2.4.4 Sedimentary Log 6 
 

Description 

 

Sedimentary Log 6 was measured 1 km north of Biescas Town, along the road A-136. 

This log is 7.5 m thick and composed of 176 beds of mudstones and sandstones with 

100 beds of sandstones that represent 69% of the total lithologies (Appendix B6; Table 

6.1). The top of the sedimentary log is delimited by a complex of folds and thrusts 

(Fig. 6.7A). This log was logged upside down. The dominant bed thicknesses are very-

thin- (46%) and thin-bedded (41%) sandstones. The dominant grain sizes are fine- 

(32%) and medium-grained (23%) sandstones. Concentrated density-flow deposits are 

rare and turbidites are the most common SGF deposits in this log. A good example of 

concentrated density-flow deposits with an association of structureless deposits and 

traction carpets deposits is shown in figure 6.7B. The common turbidites observed in 

this log were very thin- to thin-bedded sandstones with structureless base, planar-

parallel and ripple-cross. 

 

Interpretation 

 

41% of the sandstones described in Log 6 are interpreted as deposited under 

supercritical-flow conditions. It is important to consider, however, that this log is 

relatively short and therefore the SFD percentage may not be representative of this 

depositional environment. 

Although most of the SFDs are mainly planar-parallel lamination of the Tb 

division of the Bouma sequence, Log 6 shows the highest proportion of SFDs in the 

Broto System. Traction carpets associated with structureless deposits are also 

interpreted as formed under supercritical-flow conditions, however only few examples 

were observed in Log 6. 
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Figure 6.7: (A) Picture of the entire Log 6. Log had to be stopped due to a complex 
of thrusts and folds at the top. (B) Example of medium-bedded sandstones showing 
traction carpet deposits at the top. 
 

 

6.2.5 The lobe-fringe environment of the Broto System 

 

Based on the sandstone content of each log measured in the Broto System, only one 

log represents the lobe-fringe depositional environment of the Broto System. 

 

Description 

 

Sedimentary Log 7 was measured along the road north of Aragüés del Puerto Village. 

This sedimentary log is 90.5 m thick and composed of 784 beds with 478 beds of 

sandstones, representing 34% of the total lithologies (Appendix B7; Table 6.1). The 

log was stopped because of too many deformed beds that were unable to be described. 

The log was logged upside-down. Log 7 shows regular spaced sandstone beds 

alternating with muddy MTCs and laminated mudstones. The dominant bed 

thicknesses are very thin- (49%) and thin-bedded (40%) sandstones. The dominant 
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grain sizes are fine- (16%) and very fine-grained (9%) sandstones. The dominant grain 

size and bed thickness lead to the dominance of the Facies classes C (27%) and D 

(5%). Very-thin and thin-bedded turbidites show occasional planar-parallel 

lamination. Only two examples of concentrated density-flow deposits with low-angle 

backset lamination were observed in this log. There is a high proportion of ripple-

cross lamination comprising more than 9% of the log. Foreset lamination is also a 

common sedimentary structure seen in this sedimentary log. 

 

Interpretation 

 

26% of the sandstones of Log 7 are interpreted as deposited under supercritical-flow 

conditions. SFDs are related to the planar-parallel lamination of the Tb division of the 

Bouma sequence observed in turbidites. The examples of low-angle backset 

lamination observed in two concentrated density-flow deposits are also interpreted as 

formed under supercritical-flow conditions. Foreset lamination observed in both 

concentrated density-flow deposits and turbidites are interpreted as candidate 

subcritical-flow dune bedforms. 

This SFD percentage is the lowest in the Broto System which correlates with 

a lobe-fringe environment, away from the source sediment, where the flow is waning. 

Furthermore, the alternating sandstone beds and hemipelagic mudstones (laminated 

mudstones) confirm the basin-plain environment. 
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6.3 The Cotefablo System 

 

6.3.1 Introduction 

 
According to the field book of Remacha et al. (2003), depositional elements of the 

Cotefablo System consist of a monotonous succession of sheet-like lobes merging into 

basin plain elements. 

Seven sedimentary logs have been made in the Cotefablo System. The most 

proximal sedimentary log is located 1 km west of the Cotefablo tunnel, along the road 

transect from Torla to Biescas. The most distal sedimentary log was measured West 

of Garde Village, at the border between Navarra and Aragon regions in the Roncal 

valley. The location of each sedimentary log is displayed in Figure 6.8A. 

 

6.3.2. Mapping and interpretation of the depositional environments 

 

Similar to the Broto System, the depositional environments of the Cotefablo System 

were interpreted based on their sand / mud ratio (according to Spychala et al., 2017), 

with two depositional environments recognised. Two sedimentary logs were measured 

in the lobe off-axis environment, Log 8 at the Cotefablo tunnel and Log 9 near the Rio 

Sia, with a sandstone content above 60% of the total lithologies (Figs 6.8A and B). 

Five sedimentary logs characterise the lobe-fringe environment with the proportion of 

sandstones ranging from 22% to 31% (Fig. 6.8). This distribution seems to correspond 

to the interpretation in the field book of Remacha et al. (2003), where they observed 

that the transition between lobes and basin plain occurs in the area north of Jaca. Logs 

8 and 9, interpreted as a lobe off-axis depositional environment, would correspond to 

sheet-like lobe deposits interpreted by Remacha et al. (2003) and logs 10, 11, 12, 13 

and 14 interpreted as deposited in a lobe-fringe environment, correspond to the basin-

plain deposits described in the field book of Remacha et al. (2003). 
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Figure 6.8: (A) Map with the location of the sedimentary logs associated with their 
depositional environment in the Cotefablo System. (B) Graphic showing the 
percentage of sandstones for each log. Dashed lines on the graphic show the limit as 
defined by Spychala et al. (2017) between the lobe-axis, off-axis and fringe 
environments. Interpretation of the depositional environments are based on this 
graphic and reported in the aerial map for the mapping of the depositional environment 
in the Cotefablo System (distance indicated on the graph is the distance measured from 
the most proximal sedimentary log, e.g., Log 8).  
 

 

6.3.3 The lobe-off-axis environment of the Cotefablo System 

 

6.3.3.1 Sedimentary Log 8 
 

Sedimentary Log 8 measured along the N-260 road (west of the Cotefablo Tunnel), is 

18.3 m thick and composed of 407 beds of sandstones and mudstones with 262 beds 

of sandstones that represent 66% of the total lithologies (Appendix B8). The dominant 

bed thickness is very-thin bedded sandstones with more than 58% (Table 6.1). Fine 

grained-sandstones are the dominant grain size with 37%. Very-thin bedded and fine-

grained sandstones are interpreted as Facies Class C, where most of the turbidite show 
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sequences of planar-parallel and ripple-cross lamination (Fig. 6.9). The quasi-absence 

of a structureless base in turbidites is noted. Only 12% of the log is interpreted as 

Facies Class B with concentrated density-flow deposits displaying cross-lamination, 

including low-angle backset lamination. 

 

Interpretation 

 

35% of the sandstones described in Log 8 are interpreted as deposited under 

supercritical-flow conditions. In this log, no supercritical-flow bedforms 

corresponding to the facies association of SFDs were recognised. Only sedimentary 

structures such as backset lamination observed at the base of concentrated density-

flow deposits and planar-parallel lamination related to the Tb division of the Bouma 

sequence in turbidites, are interpreted as formed under supercritical-flow conditions 

and were only observed partially in a single bed. 

 

 

 
Figure 6.9: Outcrop for Log 8. Example of two thin-bedded, fine-grained sandstone 
beds showing typical Tb and Tc divisions of the Bouma sequence. 

  



 
 

236 

6.3.3.2 Sedimentary Log 9 
 

Description 

 

Sedimentary Log 9 was measured along the road N-260, 2 km west of sedimentary 

Log 8. This log is 12.6 m thick and composed of 272 beds of sandstones and 

mudstones with 151 sandstone beds that represent 63% of the total lithologies 

(Appendix B9; Table 6.1). The dominant bed thickness is very-thin bedded sandstones 

with more than 53%. Fine-grained sandstones are also dominant with more than 37%.  

Both of these observations lead to the conclusion that Facies Class C is dominant with 

more 46%. Facies C.2.3 is dominant, with most of the turbidites showing planar-

parallel and ripple-cross lamination. Some beds show irregular centimetre-scale 

erosive base (Fig. 6.10A) filled by structureless deposits. A thickening upward trend 

was observed, with an increase in the proportion of thick-bedded sandstones in the 

upper part of the log (Fig. 6.10B). Some of the concentrated density-flow deposits, 

mostly observed at the top of the log, show low-angle backset lamination. 

 

Interpretation 

 

36% of the sandstones described in Log 9 are interpreted as deposited under 

supercritical-flow conditions. Most of SFDs observed in this log are related 

sedimentary structures such as the planar-parallel lamination observed in the Tb 

division of the Bouma sequence and low-angle backset lamination located at the base 

of the concentrated density-flow deposits. As in Log 8, the poor exposure of this 

outcrop does not allow the possibility to interpret any candidate supercritical-flow 

bedforms. 
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Figure 6.10: Outcrop for Log 9 (A) Alternating packages of very-thin- to thin-bedded 
sandstones with thick-bedded sandstones, sometimes showing an irregular erosive 
base, that could be the product of a short-lived hydraulic jump. (B) Picture of the entire 
sequence where Log 9 was measured. Note the increase in bed thickness toward the 
top of the log. 
 

6.3.4 The lobe-fringe environment of the Cotefablo System 

 

6.3.4.1 Sedimentary Log 10 
 

Description 

 

Sedimentary Log 10 is located along the road A-2605, South of the Aisa Village before 

the bridge that crosses the Rio Estarrón. Log 10 is 40.6 m thick and composed of 313 

beds of sandstones and mudstones (Fig. 6.11A) with 164 beds of sandstones that 

represent 22% of the total lithologies (Appendix B10; Table 6.1). The dominant bed 

thickness is thin-bedded sandstones with 55%. Fine-grained sandstones are dominant 

with 14%. Because mud is dominant in the log with > 78%, Facies Class E was also 

the main facies observed in the sedimentary log. Typical sandstone beds in this log are 
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thin-bedded, fine-grained turbidites with planar-parallel and ripple-cross lamination. 

Several very-thin bedded turbidites also contain laminated siltstones in their 

uppermost part. There is a high proportion of very-thin bedded turbidites only 

composed of ripple-cross and / or convolute lamination. Traction carpet deposits and 

foreset lamination were also described in this log. No backset lamination was 

observed. 

 

Interpretation 

 

30% of the sandstones described in Log 10 are interpreted as deposited under 

supercritical-flow conditions. SFDs are mainly represented by planar-parallel 

lamination of the Tb division of the Bouma sequence and traction carpet deposits when 

associated with structureless intervals. Several beds show foreset lamination, 

interpreted as subcritical-flow dune bedforms or ripple-cross lamination, depending 

the scale of the bed and / or lamination (Fig. 6.11B). 

 
Figure 6.11: (A) Log 10 with red line showing where the log was measured. (B) 
Example of progressive transition from planar-parallel lamination at the base to foreset 
lamination at the top, as possible candidate for subcritical-flow dune or mega-ripple-
cross lamination. 
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6.3.4.2 Sedimentary Log 11 
 

Description 

 

Sedimentary Log 11 was measured 1 km from the north entrance of the Hecho Village, 

along the road between Hecho and Siresa villages. This log is 14.2 m thick and 

composed of 112 beds of mudstones and sandstones, with 58 beds of sandstones that 

represent 30% of the total lithologies (Fig. 6.12A; Appendix B11; Table 6.1). Thin-

bedded sandstones are dominant with 55%. Fine-grained sandstones are dominant 

with 12%. The log is mostly composed of laminated mudstones leading to the 

dominance of Facies Class E with more than 70% of the log. Turbidites are the main 

SGF deposit in this log and some of them display planar-parallel and ripple-cross 

lamination. Traction carpet deposits were also observed in one bed at the top of the 

sedimentary log. Several turbidites also show planar-parallel lamination at the top of 

the bed in very-fine grained sandstones or siltstones. Foreset lamination is also present 

at the base of the beds. 

 

Interpretation 

 

27% of the sandstones described in Log 11 are interpreted as deposited under 

supercritical-flow conditions. Only the planar-parallel lamination of the Tb division 

observed in turbidites are interpreted as deposited under supercritical-flow conditions, 

as well as the one example of traction carpet deposits associated with structureless 

deposits. In this log, it is possible to observe a bed showing almost the entire Bouma 

sequence with: structureless Ta division, planar-parallel lamination of Tb division, 

ripple-cross lamination of the Tc division, planar-parallel lamination observed in the 

siltstones of the Td division and a structureless mud cap that can be identified as the 

Te division of the Bouma sequence (Fig. 6.12B). 
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Figure 6.12: (A) Outcrop for Log 11. (B) Example of a thin-bedded turbidite showing 
Tabcd divisions in a single bed. The presence of the Te division or purely hemipelagic 
mudstones cannot be resolved without thin section and / or laboratory work. 
 

 

6.3.4.3 Sedimentary Log 12 
 

Description 

 

Sedimentary Log 12 was measured along the road A176 between Hecho and Anso 

villages, near the refuge located at the pass between Hecho and Anso valleys. This 

sedimentary log is 103.5 m thick and composed of 704 beds of sandstones and 

mudstones with 367 beds of sandstones that represent 25% of the total lithologies 

(Appendix B12; Table 6.1). The dominant bed thickness is very-thin bedded 

sandstones with 40%. Fine-grained sandstones are dominant with 12%. One medium-

bedded and medium-grained sandstone located at the base of the log, show oysters and 
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shell fragments at the base (Fig. 6.13A). The dominant SGF deposits are turbidites 

showing a structureless base, planar-parallel and ripple-cross lamination. One of the 

particularities of this log is that most of the turbidites show a very-thick mud cap (Fig. 

6.13B). Several turbidites display foreset lamination in their bases with a progressive 

transition to planar-parallel lamination. Some of the turbidites also show backset 

lamination with most of the time a transition to foreset and / or planar-parallel 

lamination. Traction carpet deposits associated with structureless beds are common. 

Some turbidites show very interesting internal architecture, such as in Figure 6.13C, 

with the association between traction carpet deposits and foreset lamination, followed 

by planar-parallel and ripple-cross lamination at the top. 

 

Interpretation 

 

26% of the sandstones described in sedimentary Log 12 are interpreted as deposited 

under supercritical-flow conditions. Like most of the logs in the Jaca Basin, SFDs are 

represented by supercritical-flow sedimentary structures. Most of the SFDs are related 

to the planar-parallel lamination of the Tb division of the Bouma sequence, however, 

a high proportion of backset and traction carpets deposits, interpreted as deposited 

under supercritical-flow conditions, is noted. 

The presence of the medium-bedded concentrated density-flow deposits with 

oyster and shell fragments observed at the base of the log, gives evidence of a highly 

turbulent flow reaching the lobe-fringe depositional environment and was certainly an 

exceptional event in such a distal environment (Fig. 6.13A). 

Thin-medium turbidites with traction carpet deposits and foreset lamination 

observed in its base are interpreted as deposited under subcritical-flow conditions. 

Here the association between traction carpets and foreset lamination indicate a waning 

flow in the base of the turbidity current (Fig. 6.13C). In this case, traction carpets 

would be formed under subcritical conditions with a high fall-out rate (Postma et al., 

2009). However, the planar-parallel lamination observed above, display grain-size 

segregation between the lamination, indicating supercritical-flow condition. 

The transition between foreset to backset lamination, commonly seen in Log 

12, could indicate a candidate supercritical-flow bedform such as unstable or stable 

antidune. The outcrop exposure, however, is not good enough to establish this, so in 
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this situation, only the backset lamination is interpreted as deposited under 

supercritical-flow conditions. 

 

 
Figure 6.13: Outcrop for Log 12 (A) Concentrated-density flow deposits showing 
oyster and shell fragments at the base. (B) Typical turbidite bed observed in this log 
with a thin-bedded Ta, Tb and Tc and a thick- to very-thick bedded mud cap (Te?). (C) 
Turbidites showing traction carpet and foreset lamination at the base of the bed that 
might be part of the Ta division of the Bouma sequence, followed by planar-parallel 
lamination showing grain-size segregation between laminae. 
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6.3.4.4 Sedimentary Log 13 
 

Description 

 

Sedimentary Log 13 is located at the South entrance of Anso Village. This log is 80.5 

m thick and composed of 614 beds of mudstones and sandstones with 348 beds of 

sandstones that represent 31% of the total lithologies (Appendix B13; Table 6.1). The 

dominant bed thickness is thin-bedded sandstones with more than 46%. The dominant 

grain size is fine-grained sandstones with 11%. Turbidites are dominant in this log, 

alternating with laminated mudstones. Most of the turbidites show the association of 

a structureless base with planar-parallel and ripple-cross lamination. The absence of a 

structureless base for some turbidites with the planar-parallel lamination located in the 

lower part of the bed, is noted. Most of the turbidites show a sharp base. Only two 

beds have an erosive base filled by structureless deposits. Some beds show foreset 

lamination in their lower parts. 

 

Interpretation 

 

23% of the sandstones described in Log 13 are interpreted as deposited under 

supercritical-flow conditions. As for logs 10, 11 and 12, most of the SFDs are planar-

parallel lamination associated with the Tb division of the Bouma sequence. Some beds 

show irregular erosive bases that could be interpreted as a short-lived and spontaneous 

hydraulic jump. However, the structureless infills of these scours do not allow 

confirmation that they were formed by hydraulic jump. 
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6.3.4.5 Sedimentary Log 14 
 

Description 

 

Sedimentary Log 14 is located 1 km West of the Garde Village along the road NA-

176 (Fig. 6.14A). This log is 33.9 m long and composed of 316 beds of sandstones 

and mudstones with 174 beds of sandstones that represent 27% of the total lithologies 

(Appendix B14; Table 6.1). Thin-bedded sandstones are dominant with 47%. Fine-

grained sandstones are dominant in the log with 11%. Typical SGFs in the log are 

turbidites with structureless base, planar-parallel and ripple-cross lamination. 

Turbidites are alternating with thin- to thick-bedded intervals of laminated mudstones. 

In this log, several mud caps contain millimetre-scale dark specks randomly 

distributed in the mudstones. Some of turbidites only display planar-parallel 

lamination at the base followed by ripple-cross or convolute lamination. Cross 

lamination such as foreset and backset lamination were also observed. 

 

Interpretation 

 

25% of the sandstones described in Log 14 are interpreted as deposited under 

supercritical-flow conditions. Most of the SFDs are related to the planar-parallel 

lamination of the Tb division of the Bouma sequence as well as the backset lamination 

observed at the base of turbidites. Convolute lamination is interpreted as subcritical-

flow deposits because it is evidence of post-depositional fluid escape. 
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Figure 6.14: (A) Picture of Log 14 with red line indicating the position of the 
sedimentary log. (B) Thin-bedded, fine-grained sandstones showing planar-parallel 
lamination (in red) and convolute lamination (in blue) above. (C) Medium-bedded, 
fine-grained sandstones showing a transition from foreset to backset lamination at the 
bottom of the bed. This part of the bedform could be interpreted as the Ta division of 
the Bouma sequence as planar-parallel lamination (Tb) is covering the backset 
lamination. 
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6.4 The Banastón System 

 

6.4.1 Introduction 

 

The Banastón System is one of the most studied systems in the Jaca Basin. Recent 

studies based on long distance bed-by-bed longitudinal correlations (extended >30 

km), have focused on the sheet-like lobes and basin plain elements, mainly 

highlighting the detailed architecture and sedimentological features. Three carbonate 

megaturbidites were observed in the Banastón System: the MT-5 (also known as 

Roncal-Fiscal and at the northern limit of the Banastón System in the western part of 

the Jaca Basin), MT-6 and MT-7 (Labaume, 1983; Labaume et al., 1983, 1987; Teixel, 

1992; 1994; Payros et al., 1999). Six sedimentary logs have been drawn for the 

Banastón System. The most proximal sedimentary log is Log 15, located in at the 

South entrance of the Castiello de Jaca Village and the most distal is Log 22, located 

at the West entrance of Burgui Village in the Navarre Region. All the logs have been 

measured West of Jaca Town (Fig. 6.15A). 

 

6.4.2. Mapping and interpretation of the depositional environments 

 

As for the previous systems, the depositional environment of the Banastón System is 

interpreted based on the sand / mud ratio (based on Spychala et al., 2017). Two 

depositional environments are recognised. Log 15 is interpreted as typical of lobe off-

axis environment because the log contains 65% of sandstones (Fig. 6.15B). All of the 

other sedimentary logs measured from Tiesas Bajas Village to Burgui Village are 

interpreted as lobe-fringe environment as their sandstone content ranges from 46% in 

Log 16 to 26% in Log 22 (Figs 6.15A and B). This transition from lobe off-axis to 

lobe fringe seems to correspond with the interpretation of Remacha and Fernández 

(2003) where they observed a progressive transition from sheet-like lobes in the Jaca 

area to basin-plain deposits in the Anso area. 
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Figure 6.15: (A) Map with the location of the sedimentary logs associated with their 
depositional environment in the Banastón System. (B) Graphic showing the 
percentage of sandstones for each log. Dashed lines on the graphic show the limit as 
defined by Spychala et al. (2017) between the lobe-axis, off-axis and fringe 
environments. Interpretation of the depositional environments are based on this 
graphic and reported in the aerial map for the mapping of the depositional environment 
in the Banastón System (distance indicated on the graph is the distance measured from 
the most proximal sedimentary log, e.g., Log 15). 
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6.4.3 The lobe off-axis environment of the Banastón System 

 

As stated in Section 6.4.2 and based on sandstones content of the logs, only one 

sedimentary log was measured in the lobe off-axis environment of the Banastón 

System. 

 

Description 

 

Sedimentary Log 15 was measured upside down and is located 1 km South of the 

entrance of Castiello de Jaca Village, along the road E-7. This log is 30.9 m thick and 

composed of 524 beds of sandstones and mudstones with 287 beds of sandstones that 

represent 65% of the total lithologies (Fig. 6.16A; Appendix B15; Table 6.1). Very-

thin bedded sandstones are dominant with 45%. Fine-grained sandstones are dominant 

through the log with 33%. Turbidites are the dominant SGF deposits showing typical 

structureless, planar-parallel and ripple-cross lamination (Fig. 6.16B) leading to the 

dominance of Facies Class C with 47% of the total log. The distinctive characteristic 

is the high proportion of beds with flute or groove casts (Fig. 6.16C). Few turbidites 

display backset lamination in their basal part, however, backset lamination are not 

abundant (< 5% of the log). The base of the log is represented by a ten-metre thick 

MTD (Fig. 6.19A). 

 

Interpretation 

 

39% of the sandstones described in Log15 are interpreted as deposited under 

supercritical-flow conditions. Most of the SFDs are represented by the planar-parallel 

lamination of the Tb division of the Bouma sequence observed in turbidites. The 

second common feature is backset lamination present in the base of the bed (Ta 

division of the Bouma sequence). However, due to poor exposure and a high degree 

of weathering, backset lamination cannot be followed for more than 5 m and it is not 

possible to make any interpretation in terms of candidate supercritical-flow bedforms. 

The abundance of flute and groove casts indicate a turbulent flow with a high Reynolds 

number (Allen, 1968). 
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Figure 6.16: (A) Picture of the entire Log 15, showing that the sedimentary log is 
upside down and with a MTD delimiting the base of the log. (B) Thin-bedded, fine-
grained sandstones showing typical division Tabc divisions of the Bouma sequence 
with a progressive transition from Tb to Tc indicating a waning flow. (C) Picture of 
the base of the bed (Fig. 6.16B) with flute and groove casts indicating a palaeocurrent 
of ~N286. 
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6.4.4 The lobe-fringe environment of the Banastón System 

 

As stated in Section 6.4.2, based on sandstone content, seven sedimentary logs were 

measured in the lobe-fringe environment of the Banastón System. 

 

6.4.4.1 Sedimentary Log 16 
 

Description 

 

Sedimentary Log 16 is located along the road A-2605, north of Las Tiesas Bajas 

Village. Unfortunately, the log had to be interrupted in the middle because of a bad 

exposure and structural deformation such as folds and faults, therefore the log is 

divided into two parts: Log 16A and Log 16B (Fig. 6.17A; Appendix B16). Log 16A 

is 18.2 m thick and composed of 180 beds of sandstones and mudstones. Log 16B is 

19.5 m long and composed of 233 beds of sandstones and mudstones. Both of the 

sedimentary logs show a percentage of sandstones ~ 41% (Table 6.1). Thin-bedded, 

fine-grained sandstones are dominant in both logs, with 54% and 24% in Log 16A and 

16B, respectively. Facies Class C is dominant in both logs where most of the beds 

show structureless base, planar-parallel and ripple-cross lamination. Very few beds 

show examples of backset lamination in their lower part. A megaturbidite was 

observed in Log 16B, where six discrete events were recognised, with beds ranging 

from 9 to 58 cm thick. Backset lamination was observed at the base of the first event 

of the megaturbidite. Cross-lamination was observed throughout the megaturbidite but 

it is hard to know if they are backset or foreset lamination as there is no palaeoflow 

indication and the megaturbidite might have been formed by a reflective flow (Bell et 

al., 2018). The mud cap is 1.3 m thick (Fig. 6.17B). 
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Figure 6.17: (A) Outcrop of logs 16A and 16B separated by structural deformation. 
(B) Megaturbidite observed in Log 16B (only thick beds are observed in the picture). 
Beds young to the left. 
 

 

Interpretation 

 

38% of the sandstones described in logs 16A and 16B are interpreted as deposited 

under supercritical-flow conditions. Most of the SFDs are related to planar-parallel 

lamination interpreted as the Tb division of the Bouma sequence as well as backset 

lamination observed at the base of beds, such as at the base of the megaturbidite in 

Log 16B. 

 

 



 
 

252 

6.4.4.2 Sedimentary logs 17, 18 and 19 
 

Three sedimentary logs were measured in the lobe-fringe environment of the Banastón 

System along the road A-176, South of the Hecho Village. Log 19 is located at the 

intersection between the road A-176 and A-2605 heading to Aragüés del Puerto. These 

logs are separated by 1 to 3 km and belong to the same sandbody but due to a bad 

exposure and a lot of vegetation, it was not possible to measure everything in one 

sedimentary log. 

 

Description 

 

Sedimentary Log 17 is 7.8 m thick and composed of 84 beds of sandstones and 

mudstones (Appendix B17). Log 18 is 31.1 m thick and composed of 256 beds of 

sandstones and mudstones (Appendix B18). Log 19 is 28 m thick and composed of 

230 beds of sandstones and mudstones (Appendix B19; Table 6.1). These 3 logs 

represent a lobe-fringe environment as the sandstones content ranges from 39–44%. 

Thin-bedded, fine-grained sandstones are dominant in the three sedimentary logs 

mainly showing structureless base, planar-parallel and ripple-cross lamination (Fig. 

6.18A), therefore, Facies Class C is also dominant throughout the three logs. Thin- to 

medium-bedded sandstones, with pervasive planar-parallel lamination showing grain-

size segregation are abundant (Fig. 6.18B). Some fluid escape features, e.g., convolute 

lamination, were observed in the three logs (Fig. 6.18C). 

 

Interpretation 

 

SFD percentages calculated on sandstones range from 15–21% in logs 17, 18 and 19. 

Most of the SFDs are related to the planar-parallel lamination of the Tb division of the 

Bouma sequence. The only candidate supercritical-flow bedforms recognised in this 

environment, is candidate upper-plane beds (FA4) (Fig. 6.18B), that can be followed 

over 6–7 m. 
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Figure 6.18: (A) Thin bedded, fine-grained sandstones showing divisions Tabc of the 
Bouma sequence (Log 17). (B) Candidate upper-plane beds (FA4) in Log 18. (C) 
Thin-bedded sandstones showing candidate convolute lamination (Tc) or feature of 
fluid escape (Log 18). 
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6.4.4.3 Sedimentary Log 20 
 

Description 

 

Sedimentary Log 20 is located at the road intersection between the road A-176 and A-

1602. Log 20 is 45 m thick and composed of 310 beds of mudstones and sandstones 

with 174 beds of sandstones that represent 38% of the total lithologies (Appendix B20; 

Table 6.1). Thin-bedded sandstones are dominant with 44%. Fine-grained sandstones 

are dominant with 16% of the sandstone fraction. The only type of SGF deposits in 

this log is turbidites. Most of the turbidites show typical structureless base followed 

by planar-parallel and ripple-cross lamination. Some of the turbidites do not include 

structureless base and the lower part of the bed is composed of planar-parallel 

lamination. 

 

Interpretation 

 

29% of the sandstones described in Log 20 are interpreted as deposited under 

supercritical-flow conditions. Most of the SFDs are related to the planar-parallel 

lamination of the Tb division of the Bouma sequence and also to the pervasive planar-

parallel lamination observed in thin- and medium-bedded turbidites, interpreted as 

candidate upper-plane beds (FA4). 

 

6.4.4.4 Sedimentary Log 21 
 

Description 

 

Sedimentary Log 21 located along the road just before the north entrance of Fago 

Village, is 33.3 m thick and composed of 313 beds of sandstones and mudstones with 

188 beds of sandstones that represent 34% of the total lithologies (Fig. 6.19A; 

Appendix B21; Table 6.1). Thin-bedded sandstones are dominant with more than 

57%. Siltstones are the dominant grain size with 14%. Surprisingly, the proportion of 

siltstones and very-fine-grained sandstones is higher than the proportion of fine-

grained sandstones. Few fine-grained turbidites show planar-parallel and ripple-cross 

lamination. Only 8% (calculation of the percentage includes the structureless / 
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laminated mudstones) of the sedimentary structures described in this log are planar-

parallel lamination. Few examples of thin- to medium-bedded turbidites showing 

pervasive planar-parallel lamination with grain-size segregation were also observed 

(Fig. 6.19B). 

 

 

 
Figure 6.19: (A) Outcrop of Log 21 measured at the entrance of Fago Village. (B) 
Example of candidate upper-plane beds (FA4) observed in Log 21. 
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Interpretation 

 

23% of the sandstones described in Log 21 are interpreted as deposited under 

supercritical-flow conditions. Most of the SFDs are related to the planar-parallel 

lamination of the Tb division of the Bouma sequence or turbidites with pervasive 

planar-parallel lamination interpreted as candidate upper-plane bed (FA4) (Fig. 

6.19B). 

 

6.4.4.5 Sedimentary Log 22 
 

Description 

 

Sedimentary Log 22 is located along the road NA-214, west of Burgui Village. Log 

22 is 87 m thick and composed of 591 beds of mudstones and sandstones with 333 

beds of sandstones that represent 26% of the total lithologies (Appendix B22; Table 

6.1). Thin- (45%) and very thin-bedded (40%) sandstones are dominant. Fine-grained 

sandstones are dominant with 11%. Thin-bedded sandstones mainly show planar-

parallel lamination with ripple-cross lamination at the top and are interpreted as Facies 

Class C. Very-thin bedded sandstones are mainly composed of ripple-cross 

lamination. Several medium-bedded sandstones show pervasive planar-parallel 

lamination that can be followed over a few metres (Fig. 6.20A). A high proportion of 

cross lamination was observed, with the dominance of foreset lamination and few 

examples of backset lamination seen in the basal part, or in entire thin- to thick-bedded 

sandstones. Some beds show interesting internal architecture, with a progressive 

transition between backset lamination at the base, to planar-parallel lamination at the 

top (Fig. 6.20B). Convolute lamination is common in Log 22 (Fig. 6.20C). The low 

percentage of sandstones is explained by the presence of several thin-bedded turbidites 

with a very-thick mud cap.  

A 3-m thick siliciclastic megaturbidite was described at the top of the log (Fig. 

6.20D). This megaturbidite is 3 m thick and 11 event-beds were recognised. These 

beds range from very-thin to very-thick sandstones with parallel, cross-, ripple-cross, 

convolute lamination or are structureless. 
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Interpretation 

 

24% of the sandstones described in Log 22 are interpreted as deposited under 

supercritical-flow conditions. This relatively low percentage of SFDs is explained by 

the presence of many examples of dune-like deposits and ripple-cross lamination. 

Most of the SFDs in Log 22 are planar-parallel lamination from the Tb division of the 

Bouma sequence, pervasive planar-parallel lamination identified as candidate upper-

plane beds (FA4) (Fig. 6.20A), or few sedimentary structures such as backset 

lamination. The transition between backset lamination to planar-parallel lamination at 

the top is interpreted as evidence of a waning flow but still under supercritical-flow 

conditions (Fr >1) (Fig. 6.20B). Convolute lamination (Fig. 6.20C) does not have an 

interpretation in terms of flow criticality because it is formed by post-depositional 

fluid escape and could erase any evidence of SFDs. 
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Figure 6.20: (A) Example of candidate upper-plane bed (FA4) in Log 22. (B) Thin-
bedded sandstones showing a progressive transition from planar-parallel lamination at 
the base of the bed to low-angle backset lamination. (C) Thin-bedded sandstones with 
convolute lamination at the top. (D) Picture of the megaturbidite located at the top of 
the log. 
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6.5 The Jaca System 

 

6.5.1 Introduction 

 

The Jaca System comprises the youngest fans in the Jaca Basin and is located in the 

southern part of the Jaca Basin. The Northern part of the Jaca System is delimited by 

the carbonated megaturbidite MT-8 (boundary between the Banastón and Jaca 

systems). The Southern boundary is delimited by the Sabiñanigo deltaic-alluvial 

deposits and carbonate ramp deposits (Remacha and Fernández, 2003). Three 

sedimentary logs have been measured in the Jaca System. The most proximal log is 

Log 23, located at the North entrance of Jaca along the road E-7. The most distal log 

is sedimentary Log 25, located along the road A-176 between the villages of Embún 

and Javierregay (Fig. 6.21A). 

 

6.5.2 Mapping and interpretation of depositional environments 

 

Depositional environments in the Jaca System are interpreted depending on the 

content in sandstones for each log (based on Spychala et al., 2017). From this study, 

two depositional environments are recognised. Sedimentary Log 23 shows more than 

50% of sand, therefore it is interpreted as deposited in a lobe off-axis environment 

(Fig. 6.21B). Logs 24 and 25 show less than 50% of sandstone content, and are 

therefore interpreted as lobe-fringe deposits (Fig. 6.21B). Sedimentary Log 24 is 

interpreted as the lateral fringe of the Jaca fans because it is located in the northern 

part of the lobe off-axis and not in the most distal part of the system (Fig. 6.21B). 



 
 

260 

 
Figure 6.21: (A) Map with the location of the sedimentary logs associated with their 
depositional environment in the Jaca System. (B) Graphic showing the percentage of 
sandstones for each log. Dashed lines on the graphic show the limit as defined by 
Spychala et al. (2017) between the lobe-axis, off-axis and fringe environments. 
Interpretation of the depositional environments are based on this graphic and reported 
in the aerial map for the mapping of the depositional environment in the Jaca System 
(distance indicated on the graph is the distance measured from the most proximal 
sedimentary log, e.g., Log 23). 
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6.5.3 The lobe off-axis environments of the Jaca System 

 

As stated in Section 6.5.2, only one sedimentary log was measured in the lobe off-axis 

environment of the Jaca System 

 

Description 

 

Sedimentary Log 23 is located 1 km north of the entrance to Jaca Town, along the 

road E-7. This sedimentary log is 42.3 m thick and composed of 328 beds of 

sandstones and mudstones with 198 beds of sandstones that represent 55% of the total 

lithologies (Appendix B23; Table 6.1). Thin-bedded sandstones are dominant with 

45%. Fine-grained sandstones are dominant with more than 20%. The dominant facies 

is Facies Class C with most of the thin-bedded sandstones showing typical 

structureless base, planar-parallel and ripple-cross lamination. Turbidites are the 

dominant type of SGF deposits but a high proportion of concentrated density-flow 

deposits is noted, most of them showing cross lamination, both backset and foreset 

lamination. Several beds also show an erosive base, lensing bed and amalgamation 

surfaces underlined by mudclasts (Fig. 6.22). Most of the erosive bases are filled by 

structureless deposits. Two MTCs were described, the first one is 3.2 m thick and the 

second is 4 m thick. 

 

Interpretation 

 

Sedimentary Log 23 shows a relatively high percentage of SFDs with 45% of the 

sandstones, interpreted as deposited under supercritical-flow conditions. Most of the 

SFDs are related to the planar-parallel lamination of the Tb division of the Bouma 

sequence. There is a relatively high proportion of backset lamination, also interpreted 

as a sedimentary structure deposited under supercritical-flow conditions. Although 

there is a high proportion of SFDs in this log, the poor exposure does not allow the 

recognition of any candidate supercritical-flow bedforms, only sedimentary structures 

formed under supercritical-flow conditions. 
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Figure 6.22: Outcrop for Log 23. Example of erosive base, possibly the base of a 
channel filled by different events with amalgamation surfaces. Beds young to the right. 
 

 

6.5.4 The lobe-fringe environments of the Jaca System 

 

As stated in Section 6.5.2 and based on the sandstone content of each log, two 

sedimentary logs were measured in the lobe-fringe environment of the Jaca System.  

 

6.5.4.1 Sedimentary Log 24 
 

Description 

 

Sedimentary Log 24 is located 4 km north of the north entrance to Jaca Town, along 

the road E-7. This log is 30.5 m thick and composed of 267 beds of sandstones and 

mudstones with 149 beds of sandstones that represent 38% of the total lithologies 

(Appendix B24; Table 6.1). As this log is located north of the lobe off-axis, it is 

considered as a lateral-lobe-fringe depositional environment. Thin-bedded sandstones 

are dominant, with more than 43%. Fine-grained sandstones are dominant with more 

than 20%. Turbidites are dominant, with structureless division, planar-parallel and 

ripple-cross lamination (Facies Class C). As in Log 23, there is a high proportion of 
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concentrated density-flow deposits with cross-lamination, including backset and 

foreset lamination (Facies Class B). There is a high proportion of foreset lamination 

observed in the basal part of the turbidites. 

 

Interpretation 

 

39% of the sandstones described in sedimentary Log 24 are interpreted as deposited 

under supercritical-flow conditions. As in Log 23, most of the SFDs are related to the 

planar-parallel lamination of the Tb division of the Bouma sequence observed in 

turbidites, and to the backset lamination observed in concentrated density-flow 

deposits. All SFDs are candidate sedimentary structures and no candidate 

supercritical-flow bedforms have been identified. There is a high proportion of 

candidate subcritical dune-like deposits. 

 

6.5.4.2 Sedimentary Log 25 
 

Description 

 

Sedimentary Log 25 is located along the road A-176, between the villages of Embún 

and Javierregay. This log is 35 m thick and composed of 299 beds of sandstones and 

mudstones with 163 beds of sandstones that represent 43% of the total lithologies 

(Appendix B25; Table 6.1). Due to poor exposure, the sedimentary log was stopped 

in two places with one break of 5.5 m and another of 1.2 m. Thin-bedded sandstones 

are dominant with 58%. Fine-grained sandstones are dominant with more than 34%. 

As for Log 24, Facies Class C is dominant with most of the thin-bedded sandstones 

showing structureless base, planar-parallel and ripple-cross lamination. In some cases, 

the structureless base of turbidites is absent and replaced by planar-parallel lamination. 

Some turbidites and concentrated density-flow deposits show pervasive planar-

parallel lamination with grain-size segregation (Fig. 6.23A). In this log, convolute 

lamination observed in turbidites are common. (Fig. 6.23B). Cross-lamination is also 

present with the dominance of foreset lamination, most of the time observed at the 

base of turbidites or concentrated density-flow deposits. The relatively high proportion 

of backset lamination is noted. 
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Interpretation 

 

37% of the sandstones described in sedimentary Log 25 are interpreted as deposited 

under supercritical-flow conditions. As in logs 23 and 24, most of the SFDs are related 

to planar-parallel lamination of the Tb division of the Bouma sequence as well as 

backset lamination observed in both concentrated-density flow deposits and turbidites. 

Candidate upper-plane beds (FA4) are also present (Fig. 6.23A), interpreted from the 

observation of pervasive planar-parallel lamination that can be followed for over a few 

metres. 

 

 
Figure 6.23: Outcrop for Log 25 (A) Example of candidate upper-plane bed (FA4) 
with grain-size segregation between lamination observed in Log 25. (B) Thin-bedded 
sandstones showing convolute lamination in Log 25. 
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6.6 Conclusions 

 

During the three months of fieldwork in the Jaca Basin, 25 sedimentary logs were 

measured in the 4 different submarine-lobe systems of the Jaca Basin. For each of 

these systems, sedimentary logs were made in contrasting depositional environments 

from the lobe-axis to the lobe-fringe environment. Due to poor exposure, any 

interpretation of flow criticality is based on the evaluation of candidate sedimentary 

structures formed under supercritical-flow conditions. Candidate unstable antidunes 

(FA2b) were only observed in the lobe-axis environment of the Broto System. 

Candidate stable antidunes (FA3) are present in both the lobe-axis and off-axis 

environments of the Broto System. Candidate upper-plane beds (FA4) are observed in 

the lobe-axis environment of the Broto System and in the lobe-fringe environment of 

the Banastón and Jaca systems. These candidate supercritical-flow bedforms were 

observed in outcrop with good exposures. The dominant SFDs in the Jaca Basin is 

related to the planar-parallel lamination of the Tb division of the Bouma sequence as 

well as the backset lamination most of the time, located in the basal part of turbidites 

(Ta division of the Bouma sequence) or spread in concentrated density-flow deposits. 

Siliciclastic megaturbidites described in the Broto, Cotefablo and Banastón 

fans, have not been described in the literature before. These SGFs are composed of 

several thin- to thick-bedded sandstones and are thinning upward. From analysis of 

hybrid beds, Bell et al. (2018) affirm the existence of deflected flows produced by the 

narrowing of the basin in its distal part. In terms of flow dynamics, these 

megaturbidites are suspected to result from multiple deflections and reflections of the 

initial sediment-gravity flows (Pickering and Hiscott, 1985). However, due to the high 

degree of bed amalgamation and weathering, no reliable palaeoflow indicators were 

observed in these megaturbidites, making the interpretation in terms of hydrodynamics 

difficult. 

The distribution of SFDs depending on their depositional environment in the 

Jaca Basin, is discussed in Chapter 7. 
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Table 6.1: Percentage of the total thickness calculated for each sedimentary log of the 
sandstones and mudstones (siltstones are included in sandstone percentages), bed 
thickness (very thin beds, 1–3 cm; thin beds, 3–10 cm; medium beds, 10–30 cm; thick 
beds, 30–100 cm; very thick beds, >100 cm; Pickering and Hiscott, 2016), Facies 
Classes (Facies Class A, gravels, muddy gravels, gravelly muds and pebbly sand; 
Facies Class B, sands; Facies Class C, sand-mud couplets and muddy sands; Facies 
Class D, silts, silty muds and silt-mud couplets; Facies Class E, muds and clays; facies 
classification scheme of Pickering and Hiscott, 2016), grain size and proportion of 
SFDs (the percentage of mudstones is not taken into account in the calculation of 
proportion of SFDs). The sedimentary logs are in different submarine lobe 
environments in an across-fan (lateral) direction and in a proximal-to-distal direction, 
from lobe-axis to lobe-fringe environment. 
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Table 6.1 (Continued) 
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Table 6.1 (Continued) 
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Table 6.1 (Continued) 
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Chapter 7  
 

 

DISTRIBUTION OF SFDs 
 

   

 

7.1 Introduction 

 

Chapters 5 and 6 provide a detailed description and interpretation, in term of 

hydrodynamics, of the 50 detailed sedimentary logs measured in the Ainsa and Jaca 

basins. For each log, candidate supercritical-flow bedforms were described, and based 

on the recognition criteria of SFDs, the percentage of SFDs was calculated. The aim 

of Chapter 7 is to present the results of an analysis of the distribution of SFDs related 

to the various depositional environments, in: (i) an axial-lateral direction, from 

channel-axis to channel-margin sites in the Ainsa Basin, and from lobe-axis to lobe 

lateral-fringe sites in the Jaca Basin, and in (ii) a proximal-to-distal (longitudinal) 

direction, from the mid-slope to proximal basin-floor environments in the Ainsa Basin, 

and from lobe-axis to lobe distal-fringe environments in the Jaca Basin. Finally, the 

distribution of SFDs from submarine canyon and channels-and-related deposits of the 

Ainsa Basin, to the submarine lobe-and-related deposits of the Jaca Basin, is 

considered. A quantitative analysis of the spatial distribution of SFDs is presented. 

The last part of the chapter evaluates the different parameters likely to have 

played a significant role on the distribution of SFDs in both the Ainsa and Jaca basins 

and therefore, on the submarine fan architecture.  

Distribution of the SFDs in the Ainsa Basin along with the parameters 

controlling their distribution of SFDs has been published in Journal of Sedimentary 

Research in June 2019 (Cornard and Pickering, 2019). Analysis of SFDs in the Jaca 

Basin and parameters controlling their distribution have been accepted in the Journal 

of Sedimentary Research (Cornard and Pickering, 2020, in press). 
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All percentages discussed in this chapter are available in Chapter 5, Table 5.1 (for the 

Ainsa Basin) and Chapter 6, Table 6.1 (for the Jaca Basin).  

 

7.2 SFD distribution in the Ainsa Basin 

 

7.2.1 Qualitative analysis of the SFD distribution in the Ainsa Basin 

 

Erosional coarse-grained supercritical-flow bedforms (FA1a and FA1b) were 

observed mainly in channel-axis sites, in relatively high-gradient, and in confined 

basin settings (slope channel deposits in the Gerbe System and at the base of the 

Banastón I and Ainsa I fans) (Fig. 7.1). The location of these bedforms towards the 

base of the sandy fans suggests that they could have been precursors to the 

development of channels in the Banastón I and Ainsa I fans. At a significantly larger 

scale, similar processes of active cyclic steps eroding a submarine canyon have been 

observed in the Monterey channel (Fildani et al., 2006) and in the Eel Canyon, 

California (Lamb et al., 2008). In the case of the Ainsa Basin, the presence of 

candidate cyclic steps at the base of the channel of Banastón I and Ainsa I fans, could 

be interpreted as bedforms that formed during the early part of channel initiation. 

Depositional fine-grained supercritical-flow bedforms (FA2a, FA2b, FA3 and 

FA4) are more common in low-gradient slopes and relatively unconfined settings, 

such as the Banastón II, III, IV, V, and VI and in the Ainsa III fans (Fig. 7.1). These 

facies associations are also present in channel-axis and off-axis sites. Upper-plane 

beds occur in channel-axis and channel-levée-overbank sites. Thus, depositional fine-

grained bedforms correspond to the stage of channel filling rather than channel 

initiation. This statement is confirmed by Symons et al. (2016) and Covault et al. 

(2016), that show that large-scale fine-grained sediment waves are most likely to 

develop in unconfined settings.  
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Figure 7.1: Schematic depositional model for the Ainsa Basin sandy fans to show the 
environmental distribution of the six facies associations linked with SFDs. The SFDs 
occur across a wide range of environments but are shown where they are most 
abundant. Erosional coarse-grained supercritical-flow bedforms (red) are most 
common in channel-axis sites in relatively confined settings, and also high slope 
gradients such as in the mid-slope and transition between middle- to lower-slope 
environments. Depositional fine-grained supercritical-flow bedforms (blue) are the 
dominant facies association in channel-axis and off-axis sites, in relatively unconfined 
settings, and in relatively low-gradient slope sites. 
 

 

7.2.2 Quantitative analysis of the SFD distribution in the Ainsa Basin 

 

25 detailed sedimentary logs were measured in three contrasting environments in the 

Ainsa Basin, (i) mid-slope environments of the Gerbe System, (ii) proximal-basin 

floor environments of the Banastón System and (iii) lower-slope environments of the 

Ainsa System. For each fan, detailed sedimentary logs were measured from channel-

axis to channel-margin sites. This section is divided in two parts, with an initial 

analysis of the distribution of SFDs from the channel-axis to channel-margin sites in 

the Ainsa Basin and followed by a comparison of the distribution of SFDs between 

the different depositional environments, i.e., from the mid-slope environments of the 
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Gerbe System, to the lower-slope environments of the Ainsa System, and proximal-

basin floor environments of the Banastón System. 

 

7.2.2.1 SFD distribution from channel-axis to channel-margin sites in the Ainsa 
Basin 
 

In the three studied systems in the Ainsa Basin (Gerbe, Banastón and Ainsa), most of 

the sandy fan show a decrease in the proportion of SFDs from channel-axis to channel-

margin sites (Fig. 7.2). From channel-axis to channel-margin and levée-overbank 

sites, there is a systematic decrease in sandstone bed thickness and an increase in the 

mudstone proportion, suggesting a lateral (axial-to-lateral) decrease in the strength of 

SGFs away from the channel axis. Similar SFD distributions, and comparable 

interpretations, were made by Lang et al. (2017a) for the Upper Eocene Brito 

Formation in the Nicaragua Basin, i.e., with an inferred decrease in flow strength 

(decrease in flow density and velocity) away from channel axes. Several researchers 

(e.g., Normark et al., 1980; Migeon et al., 2001; Fildani et al., 2006) observed 

supercritical-flow bedforms along channel margins or channel levées constructed by 

turbidity currents overspilling the confines of channels and creating crevasse splays or 

sediment slides. Very few candidate crevasse-splay structures were observed in the 

channel levée-overbank systems in the Ainsa Basin, which could explain why there 

appears to be few supercritical-flow bedforms observed in channel-margin or levée-

overbank environments. 

It is noteworthy that the channel off-axis of the Ainsa I Fan (channel 1) has a 

higher percentage of SFDs than the channel axis. Although the Ainsa I Fan (channel 

1) shows one of the best examples of candidate supercritical-flow bedforms in the 

Ainsa Basin, it is better to not consider these two sedimentary logs in the analysis of 

the SFD distribution. The base of the sedimentary log measured in the channel off-

axis partly overlaps the channel axis environment of the Ainsa I Fan, explaining why 

a higher proportion of SFDs is observed in the channel off-axis than axis.   
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Figure 7.2: Proportions of SFDs in axial-to-lateral and proximal-to-distal directions 
in environments in the sandy fans in the Ainsa Basin. Note the decrease in the 
proportion of SFDs from channel-axis to channel-margin sites, and between the 
different systems, with an increase in SFDs from the Gerbe System (mid-slope 
environments), to the Banastón System (proximal basin-floor environments), and to 
the Ainsa System (lower-slope environments). The increase in SFDs proportion in a 
proximal-to-distal direction, is seen in the channel-axis environment of each system, 
where most of the supercritical-flow bedforms were recorded. Note, SFD percentages 
are available in Chapter 5, Table 5.1. SD = Standard deviation.  
 
 

7.2.2.2 SFD distribution from proximal-to-distal sites in the Ainsa Basin 
 

When the percentage of SFDs is binned into different depositional environments, the 

data reveal an overall increase in the proportion of SFDs from the Gerbe (mid-lower 

slope), to Banastón (proximal-basin floor), and Ainsa (lower slope) systems (Fig. 7.2). 

The comparison between systems is based on the observed percentage of SFDs in 

channel-axis sites where most of supercritical-flow bedforms are observed. 

 

In the Gerbe System, a low percentage of SFDs was observed with 35% and 

38% in the Gerbe I and Gerbe II fans, respectively (Fig. 7.2). Because these are mid- 
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slope environments, where slope gradient is estimated to range from ~1.1°–2.3° (see 

Section 3.9), a higher percentage of SFDs was expected. Concentrated density flows 

and turbidity currents can have substantial erosional potential to create scour structures 

at least partially infilled with conglomerates and coarse-grained sandstones that 

otherwise might have bypassed these sites (cf. Wynn et al., 2002; Macdonald et al., 

2011; Ito et al., 2014). In such cases, one would not expect the formation of 

supercritical-flow bedforms in the conglomerate-dominated Gerbe I Fan, i.e., resulting 

in the observed low percentage of SFDs. Furthermore, lens-shaped conglomeratic 

layers, pebbly sandstones, and truncated sandstone beds are a common feature in the 

Gerbe System, and can be considered as characteristic of sediment bypass, leading to 

low preservation potential of supercritical-flow bedforms. Moreover, the SAR 

calculated in the Gerbe System (section 3.8) is relatively low (12 cm/kyr). By volume, 

most of the sediment accumulated in the submarine lobes of the Jaca Basin, which 

supports the inference of a high degree of sediment bypass in the Gerbe I System. 

The increased proportion of SFDs in the Gerbe II Fan (compared with that in 

the Gerbe I Fan) can be explained by decreased confinement of the fan, consistent 

with mapping as shown by Pickering and Bayliss (2009). A decrease in confinement 

will lead to a flow that spreads more laterally, therefore, resulting in a thinner flow. 

The Fr is directly linked with the flow height. For the same sediment concentration, if 

the flow height decreases, the Fr increases in the SGF; thereby, the flow is more likely 

to produce supercritical-flow bedforms. There is also an increase in the proportion of 

fine-grained sediment (medium- to fine-grained sandstones) from the Gerbe I Fan to 

the Gerbe II Fan, an observation that is likely to be coincidental rather than resulting 

from any genetic association, i.e., this represents local preservation from a time when 

there was more sediment bypass in the Gerbe I compared with the Gerbe II Fan.  

The Gerbe System was deposited during the terminal stage of a period of 

intense tectonic shortening and deformation associated with folding, thrusting, and 

local overturning of the underlying Arro System (Millington and Clark, 1995; 

Pickering and Cantalejo, 2015). The relatively low percentage of SFDs in the Gerbe 

System can be explained by deposition during the development of a new submarine 

canyon and submarine slope channel system following basin reorganisation due to 

tectonic processes, with sandy SGFs generally having been strongly erosional rather 

than depositional, thereby generating more erosional sedimentary structures rather 
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than supercritical-flow depositional structures. Mapping by Pickering and Bayliss 

(2009) suggested that, unlike in many continental margins, sandy fans in the Ainsa 

Basin were separated by tens to hundreds of metres of basin-wide fine-grained 

sediment accumulation that infilled and healed any point sources that provided coarse 

siliciclastics to older fans. 

 

An increase in the proportion of SFDs was observed between the mid-slope 

environments of the Gerbe System and the proximal basin-floor environments of the 

Banastón System. However, from slope gradient estimates set out in Section 3.9, a 

decrease in the proportion of SFDs was predicted between slope environments and the 

proximal basin-floor environments where the slope gradient is estimated to range from 

~0.8°–1.5°. Moreover, the transition from middle to lower slope, to proximal basin-

floor environments, resulted in an overall decrease of confinement (Pickering and 

Bayliss, 2009; Bayliss and Pickering, 2015b). During deposition of the Banastón I, II, 

and III fans (compared with the younger Banastón IV, V, and VI fans), the growth of 

the Añisclo Anticline likely ceased, or the sediment accumulation rate exceeded the 

growth of the Añisclo Anticline, resulting in a progressive decrease in lateral 

confinement. The Banastón I Fan has the highest proportion of coarse-grained 

sediment (including conglomerates) in the Banastón System, and with one of the 

lowest proportions of SFDs (37%) (Fig. 7.2). In contrast, the Banastón II Fan shows a 

greater percentage of SFDs (58%) that can be linked to decreased confinement 

compared with that for the Banastón I Fan. The decrease in the proportion of 

conglomerates and coarse-grained sandstones from the Banastón I to the Banastón II 

Fan can be explained by more sediment bypass in the Banastón I Fan, with a lower 

preservation of SFDs in the latter. The Banastón III Fan has ~45% SFDs, a value 

significantly lower than the underlying Banastón II Fan but greater than the Banastón 

I Fan. Whilst mapping of the Banastón III Fan shows that it is the least confined sandy 

fan of the Banastón I, II, and III fans, it has the thickest MTDs (up to ~20 m), as well 

as abundant MTDs and, therefore, is likely to have been associated with substantial 

lateral confinement of sand-rich SGFs due to reduced accommodation space created 

by depositional topography. Thus, in any discussion of the proportion of SFDs, it is 

important to distinguish between both system-wide confinement (between the basin-
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bounding growth anticlines) and more local confinement caused by the local 

deposition of MTDs. 

In the Banastón IV, V, and VI fans, there is no change in the thickness of 

sandbodies across the Añisclo Anticline, interpreted as due to essentially no 

significant growth of this seafloor high during sandy-fan deposition (Bayliss and 

Pickering, 2015b). This lack of significant syndepositional tectonic activity resulted 

in a progressive decrease of confinement from the Banastón IV to Banastón VI fans. 

The decreased lateral confinement of these fans resulted in a progressive increase in 

the proportion of SFDs from the Banastón IV Fan (44%) to the Banastón VI Fan (53%) 

(Fig. 7.2).  

 

In the Ainsa System, the high proportion of SFDs is attributed to it being a 

lower-slope environment (in the SE of the Ainsa Basin, where the data for this study 

was collected) with relatively steep gradients compared with the Banastón System (see 

Section 3.9). The Ainsa System also has a higher percentage of fine- to medium-

grained sandstones compared with the Gerbe System, suggesting less sediment bypass 

than in the Gerbe System. Additionally, the Ainsa System also shows a transition from 

lower-slope to proximal basin-floor environments (Pickering and Corregidor, 2005; 

Pickering et al., 2015). In such a setting, transiting SGFs are very likely to have 

experienced hydraulic jumps at the break of slope associated with a rapid decrease of 

lateral confinement, all conducive to the generation of supercritical-flow bedforms. 

The Ainsa I Fan shows greater lateral confinement compared with the Ainsa II 

and III fans, most likely due to the presence of both underlying and laterally deposited 

Type I MTCs, which created substantial irregular topography and locally ponded 

accommodation (Pickering et al., 2015). Fan lateral confinement can explain the 

relative low percentage of SFD of the Ainsa I Fan compared to Ainsa III Fan (Fig. 

7.2). Throughout deposition of the Ainsa System, relatively little significant 

intrabasinal tectonic activity favoured a progressive decrease in lateral confinement 

from the Ainsa I to Ainsa III fans. The Ainsa III Fan contains the highest proportion 

of fine-grained sediments and, based on mapping (Pickering et al., 2015), was the least 

confined fan, showing the highest proportion of SFDs, with 66% of the total channel-

axis deposits (Fig. 7.2). 
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7.3 SFD, bed-thickness and grain-size distribution in the Jaca Basin 

 

Because the Jaca Basin geometry and architecture are less studied in detail and less 

understood than the Ainsa Basin, analysis of the SFD distributions are complemented 

by a study of the bed-thickness and grain-size distribution. In this section, based on an 

analysis of SFD, bed-thickness and grain-size distribution, it is possible to further 

develop the model of the basin architecture of the Jaca Basin. 

 

7.3.1 Qualitative analysis of the SFD distribution in the Jaca Basin 

 

In the Jaca Basin, depositional supercritical-flow bedforms such as candidate unstable 

antidunes (FA2b), stable antidunes (FA3) and upper-plane beds (FA4) are common, 

whereas no erosional supercritical-flow bedforms were identified (Fig. 7.3). 

Unstable antidunes (FA2b) were mainly observed in the most proximal parts 

of the Jaca Basin in the lobe-axis and off-axis environments (Fig. 7.3). Upflow-stacked 

sigmoidal bedforms (FA3) are present throughout the entire Jaca Basin, but more 

examples were observed in the proximal part of the basin, such as lobe-axis or lobe 

off-axis environments (Fig. 7.3). Upper-plane beds (FA4) and supercritical-flow 

sedimentary structures were observed throughout the entire Jaca Basin from the lobe-

axis to lobe-frontal- and lateral-fringe environments (Fig. 7.3). 

 

 
Figure 7.3: Model for the distribution of supercritical-flow bedforms and sedimentary 
structures observed in the Jaca Basin.  
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7.3.2 Quantitative analysis of the SFD distribution in the Jaca Basin 

 

All the sedimentary logs from lobe-axis to lobe-fringe environments show >20% of 

SFDs. Lobe-axis and lobe off-axis sites show no significant differences in the 

proportion of SFDs: SFD percentages range from 30–45%. The proportion of SFDs in 

lobe-fringe environments ranges from 23–39%. For the four studied systems in the 

Jaca Basin, a small decrease in the proportion of SFDs is recorded in a proximal-to-

distal (longitudinal direction: see cross-section in Figs 7.4B, 7.5B, 7.6B, 7.7B). With 

a progressive decrease in flow velocity, competence and capacity toward the distal 

basin areas observed in archetypal submarine-fan lobes, a significant decrease in the 

proportion of SFDs was expected from the lobe-axis to the lobe frontal-fringe sites in 

the Jaca Basin. However, the difference in the proportion of SFDs from proximal to 

distal basin environments is only 8–15%, making it difficult to interpret these as 

significant, especially as it has been postulated in Section 5.2.3.1 that any significant 

variation in the proportion of SFDs should be >9%. Also, in an axis-to-off-axis 

(lateral) transect in lobe environments, no significant variation in the proportion of 

SFDs was observed (see lateral transects through the Broto, Cotefablo, Banastón and 

Jaca lobe-and-related environments in Figs 7.4C, 7.5C, 7.6C, 7.7C). 

 

7.3.3 Bed-thickness and grain-size distributions in the Jaca Basin 

 

7.3.3.1 Broto System 
 

Lobe-axis environments (Logs 1 and 5) show the highest percentages of thin-, 

medium- and thick-bedded sandstones (Table 6.1). The dominant grain size in the 

lobe-axis environments is fine-grained sandstones (from 60% in Log 1, to 39% in Log 

5) and medium-grained sandstones (from 39% in Log 5, to 11% in Log 1). As 

expected, there is an overall decrease in the bed thicknesses and grain sizes in an axis-

to-off-axis direction, e.g., from the lobe-axis to lobe-fringe sites (Fig. 7.4A and B), 

and from the lobe-axis to the lateral lobe off-axis sites (Figs 7.4C, 7.4D). 
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Figure 7.4: (A) Map with the location of the sedimentary logs associated with their 
depositional environment in the Broto System and location of three cross-sections A, 
B and C. (B) Longitudinal cross-section A (dashed line A on the aerial map) from 
lobe-axis to lobe-fringe environments in the Broto System (logs 1, 5 and 7) associated 
with the bed thickness, grain size and SFD distribution. For these three parameters, a 
progressive decrease is seen from proximal-to-distal sites. (C) Axis-to-off-axis 
(lateral) cross-section B (dashed line B on the map) in the proximal area of the Broto 
System, crossing logs 1, 2, and 3. (D) Axial-to-off-axis (lateral) cross-section C 
(dashed line C on the map) in the more distal area of the Broto System, crossing logs 
5 and 6. Note, all percentages (including bed thickness, grain size and SFDs) are 
available in Chapter 6, Table 6.1. 
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7.3.3.2 Cotefablo System 
 

In the Cotefablo System, the highest proportion of thick- and medium-bedded 

sandstones was observed in lobe frontal-fringe environments (logs 11, 12 and 13; 

Table 6.1). Using the scheme of Spychala et al. (2017) for the sandstone proportion 

as defining criteria for interpreting lobe and related environments, no logs were 

measured in the lobe-axis environment of the Cotefablo System in the Jaca Basin. 

There is an increase in bed thickness from the most proximal measured section of Log 

8, to Log 12 (Fig. 7.5A and B), followed by a decrease in bed thickness from Log 12 

to the most distal measured log, Log 13, with >36% of very thin-bedded sandstones. 

A lobe-axis to off-axis (lateral) cross-section in lobe-fringe environments shows that 

there is an increase in bed thickness from west to east, from Log 14 to Log 12 (Fig. 

7.5C). 

Regarding the distribution of grain size, the coarsest grain sizes were observed 

in the most proximal measured logs in the Cotefablo System, e.g., logs 8 and 9 (Table 

6.1). There is a progressive decrease in grain size from proximal to distal lobe sites, 

from 37% of fine-grained sandstones in logs 8 and 9, to 11% of fine-grained 

sandstones in Log 13 (Fig. 7.5B). No change in grain size was observed in a lateral 

cross-section of the lobe fringe (Fig. 7.5C). 
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Figure 7.5: (A) Map with the location of the sedimentary logs associated with their 
depositional environment in the Cotefablo System and location of the two cross-
sections A and B. (B) Proximal-to-distal (longitudinal) cross-section of the Cotefablo 
System (dashed line A on the aerial map) showing the variation and distribution of 
bed thicknesses, grain size and SFDs from proximal lobe-axis to lobe-fringe 
environment. (C) Axis-to-off-axis (lateral) cross-section (dashed line B on the aerial 
map) in the lobe-fringe environments of the Cotefablo System crossing the logs 11, 
12, and 14, showing the distribution of the bed thicknesses, grain size and SFDs in 
lobe-fringe environment. Note, all percentages (including bed thickness, grain size and 
SFDs) are available in Chapter 6, Table 6.1. 
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7.3.3.3 Banastón System 
 

As in the Cotefablo System, the highest proportion of medium- and thick-bedded 

sandstones was observed in lobe frontal-fringe environments of the Banastón System 

(logs 19 and 20; Table 6.1). In a proximal-to-distal (longitudinal) direction, there is an 

overall increase in bed thickness from lobe off-axis sites (Log 15) to Log 17 in 

proximal lobe frontal-fringe environment (Fig. 7.6A and B). Because the proportion 

of medium- and thick-bedded sandstones does not vary in the most proximal logs, the 

general increase in bed thickness was observed with a decrease in the proportion of 

very-thin bedded sandstones and increase in the proportion of thin-bedded sandstones. 

From Log 17 to the most distal log measured in the lobe frontal-fringe environment of 

the Banastón System (Log 22), there is an overall decrease in bed thickness (Fig. 

7.6B). In an axis-to-off-axis (lateral) cross-section (Fig. 7.6C), an increase in bed 

thickness was observed from the SSE (Log 17 with 12% medium-bedded sandstones 

and an absence of thick-bedded sandstones) toward NNW (Log 20 with 22% medium-

bedded and 5% of thick-bedded sandstones). 

In a proximal-to-distal (longitudinal) direction, a progressive decrease in grain 

size was observed from lobe off-axis to lobe frontal-fringe environments (Fig. 7.5B), 

with from 33% (Log 15) to 11% (Log 22) in the proportion of fine-grained sandstones, 

and with from 16% (Log 15) to 1% (Log 22) in medium-grained sandstones. No grain-

size variation was observed in the lateral cross-section of the lobe frontal-fringe 

environment (Fig. 7.6C). 
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Figure 7.6: (A) Map with the location of the sedimentary logs associated with their 
depositional environment in the Banastón System and location of the two cross-
sections A and B. (B) Proximal-to-distal (longitudinal) cross-section (dashed line A 
on the map) from lobe off-axis to lobe-fringe environments in the Banastón System, 
associated with the distribution of bed thicknesses, grain sizes and SFDs. (C) Axial-
to-lateral cross-section (dashed line B on the aerial map) in the lobe-fringe 
environment of the Banastón System where an increase in the bed thickness was 
observed toward the north. Note, all percentages (including bed thickness, grain size 
and SFDs) are available in Chapter 6, Table 6.1. 
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7.3.3.4 Jaca System 
 

The lobe off-axis environment in the Jaca System shows the highest proportion of 

medium-and thick-bedded sandstones in the Jaca Basin (Log 23; Table 6.1), with 

>27% of medium-bedded sandstones and >7% of thick-bedded sandstones (Table 6.1). 

In a proximal-to-distal (longitudinal) direction, there is a progressive decrease in bed 

thickness from Log 23 to Log 25 (Fig. 7.7A and B). In axis-to-off-axis (lateral) cross-

section across the lobe off-axis and lobe-fringe, there is a progressive decrease in the 

bed thickness from Log 23 to Log 24 (Fig. 7.7C).  

A progressive decrease in grain size was observed in both proximal-to-distal 

(longitudinal) and axis-to-off-axis (lateral) directions (Figs 7.7B and 7.7C, 

respectively). 
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Figure 7.7: (A) Map with the location of the sedimentary logs associated with their 
depositional environment in the Jaca System and location of the two cross-sections A 
and B. (B) Proximal-to-distal (longitudinal) cross-section (dashed line A on the aerial 
map) from lobe off-axis to lobe-fringe environments in the Jaca Basin with the 
distribution of bed thicknesses, grain sizes and SFDs. (C) Axis-to-off-axis (lateral) 
cross-section (dashed line B on the aerial map) from lobe off-axis to lobe-fringe 
environments in the Jaca Basin where a progressive decrease in the bed thicknesses, 
grain sizes and SFDs was observed. Note, all percentages (including bed thickness, 
grain size and SFDs) are available in Chapter 6, Table 6.1. 
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7.4 Distribution of the SFDs in the Ainsa and Jaca basins 

 

Correlation between the channel-dominated submarine fans of the Ainsa Basin and 

the submarine lobe-and-related deposits of the Jaca Basin, is controversial with little 

consensus on the most likely correlations, as exemplified in Mutti et al., (1985); 

Remacha et al., (2003); Das Gupta and Pickering (2008), and Scotchman et al., (2015) 

(see section 3.6). Therefore, in this study, the proportion of SFDs is not compared 

between individual submarine fans in the Ainsa Basin and their interpreted correlated 

lobe-and-related deposits in the Jaca Basin. Instead, general comparisons are sought 

between the fan environments in the proximal Ainsa Basin, and the distal Jaca Basin. 

Figure 7.8 depicts the substantial decrease in the proportion of SFDs in a 

proximal-to-distal transect from the Ainsa to the Jaca basins, i.e., from channelised 

proximal basin-floor sand-rich to distal lobe-and-related environments. This decrease 

can be explained by the common occurrence of hydraulic jumps at the break-of-slope 

in the Ainsa Basin, and at the channel-lobe transition zone (CLTZ) (Wynn et al., 2002; 

Cartigny et al., 2011, 2014; Sumner et al., 2013; Hofstra et al., 2015; Dorell et al., 

2016). Hydraulic jump can develop at two scales, e.g., at the basin scale and at the 

bedform scale. At the basin scale, several researchers have proposed that hydraulic 

jumps can develop at a break-of-slope, e.g., at the transition between relatively 

confined (submarine canyons and channels) and relatively unconfined settings, such 

as in submarine lobes (Wynn et al., 2002 and references therein). After a hydraulic 

jump, the flow thickness increases, the flow velocity decreases, and both induce a 

decrease in the Fr, leading to bedforms and sedimentary structures forming under 

subcritical-flow conditions after the break-of-slope.  

Hydraulic jumps can also occur at the bedform scale, during the formation of 

supercritical-flow bedforms such as cyclic-steps or chute-and-pool bedforms (cf. 

Parker, 1996; Cartigny et al., 2014).  

The abrupt decrease in the proportion of SFDs from submarine canyons and 

channels (typical in the Ainsa Basin) to submarine lobe-and-related deposits (typical 

in the Jaca Basin) can be interpreted as linked with a large-scale hydraulic jump from 

flows that was most likely under supercritical-flow conditions in the Ainsa Basin to a 

flow that were most likely under subcritical-flow conditions in the Jaca Basin. 

Furthermore, proximal basin-floor environments in the Ainsa Basin (Banastón 
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System) are characterised by several features that support significant erosion, such as 

metre- and centimetre-scale scours and backfilling structures (FA1a or FA1b; Cornard 

and Pickering, 2019), whereas no similar scour-and-backfilling structures were 

observed in the lobe-axis environments of the Jaca Basin. 
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Figure 7.8: Schematic depositional model for the Ainsa and Jaca basins with their 
different depositional environments and their varying proportion of SFDs. BR: Broto 
System; C: Cotefablo System; B: Banastón System (both in the Ainsa and Jaca basins); 
J: Jaca System; A: Ainsa System; G: Gerbe System; SD: Standard deviation. 
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7.5 Discussion 

 

7.5.1 Parameters controlling the distribution of SFDs in the Ainsa Basin 

 

From the analysis of the SFD distribution in the Ainsa Basin, two main parameters are 

recognised as having played an important role on the hydrodynamics of SGFs (i.e., if 

the flow was under supercritical- or subcritical-flow conditions): (i) lateral 

confinement of the sandy fans, and (ii) seafloor gradient. In the Ainsa Basin: these 

parameters vary both within and between depositional environments. At present, it is 

difficult to assess which of these parameters might have exerted the greatest influence 

in determining the criticality of any SGF in the Ainsa Basin. However, in ancient 

systems such as in the Ainsa Basin, mapping makes confinement easier to recognise 

than subtle differences in seafloor gradient. 

Concerning confinement, a greater proportion of fine-grained SFDs were 

observed in relatively unconfined (compared with more confined) settings. However, 

this observation does not preclude SGFs being under supercritical-flow conditions in 

confined settings. Most of SFDs observed in relatively confined settings are coarse-

grained erosional bedforms with a strong erosional component, and bedforms likely 

formed under the highest Fr. In relatively unconfined settings, fine-grained 

depositional supercritical-flow bedforms are the dominant SFDs and form at lower Fr 

(but Fr > 1). It seems reasonable to assume that the preservation potential of SFDs is 

greatest in relatively unconfined systems, due to deceleration of SGFs at the transition 

from a relatively confined system (mid-slope environment – Gerbe System) to a 

relatively unconfined system (break-of-slope, lower-slope, and proximal basin-floor 

environments – Banastón and Ainsa systems). There is almost certainly a trade-off 

between confinement of sandbodies and slope gradient, with both playing a role in the 

criticality of a flow and in the preservation of any supercritical-flow bedforms, e.g., 

one can observe the highest percentage of SFDs in the Ainsa System (lower-slope 

environment) which shows moderate confinement and intermediate slope gradient. 
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7.5.2 Bed thickness and grain-size distribution complemented by the analysis of the 

SFD distribution in the Jaca Basin 

 

Because the Jaca Basin architecture is less understood than for the Ainsa Basin, 

analysis of the parameters controlling the distribution of SFDs in the Jaca Basin are 

less straightforward to evaluate than in the Ainsa Basin. Before discussing the 

identifying features for any parameters controlling the SFD distribution in the Jaca 

Basin, it is necessary to compare the distribution of the bed-thickness, grain-size and 

SFDs in a proximal-to-distal (longitudinal) direction but also in an axial-to-off-axis 

(lateral) direction in submarine lobes of the Jaca Basin. 

 

7.5.2.1 Bed thickness, grain size and SFD variation in a proximal-to-distal direction 
 

In the four Jaca Basin systems considered in this paper (Broto, Cotefablo, Banastón 

and Jaca systems), there is an overall decrease in bed thickness toward the most distal 

parts of the basin. Generally, in a proximal-to-distal (longitudinal) direction the very-

thin bedded sandstones show increasing proportions of current-ripple lamination (Tc 

division of the Bouma sequence), and a decrease in grain size, all indicating a decrease 

in flow velocity, flow competence and capacity toward the most distal parts of the 

basin. There is also a change in the type of SFDs observed from proximal to distal 

sites, with candidate unstable (FA2b) and stable (FA3) antidunes most commonly 

observed in the most proximal parts of the Jaca Basin, whereas farther into the basin 

there are more candidate upper-plane beds (FA4) and sedimentary structures formed 

under supercritical-flow conditions developed under flow with low Fr (but still >1). 

The proportion of SFDs shows a slight decrease in a proximal-to-distal direction. The 

greatest decrease in SFDs is seen in the Cotefablo System (from 35% to 25%), and in 

the Banastón System (from 39% to 24%). This small decrease in the proportion of 

SFDs is likely linked with an overall decrease in flow velocity, competence and 

capacity (cf. Lang et al., 2017), including a greater proportion of low-density turbidity 

currents reaching the lobe-fringe environment of the basin (cf. Normark et al., 1980; 

Spychala et al., 2017). 
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7.5.2.2 Bed thickness, grain size and SFD variation in a lateral direction 
 
 
In the Broto, Cotefablo and Jaca systems, there is a decrease in bed thicknesses in an 

axial-to-lateral (axis-to-off-axis) direction, toward the lobe off-axis or fan-fringe sites. 

It seems reasonable to anticipate a similar trend in the Banastón System, but there is a 

stratigraphic log unavailable (due to a lack of suitable outcrop) towards the most 

extreme lobe off-axis and/or fan-fringe environments (caused by tectonic uplift and 

erosion) and, therefore, it was not possible to test this prediction. Any measured 

decreases in grain size in a lobe axial-to-lateral direction were only recorded in the 

most proximal environments of the Broto and Jaca systems, where there is a change 

in depositional environments, i.e., from lobe-axis to lobe off-axis sites in the Broto 

System, or from the lobe off-axis to the lobe-fringe sites in the Jaca System. No 

significant variations in grain size was observed within the fan-fringe environments, 

nor any significant variations in the proportion of SFDs in a lobe off-axis to lateral 

direction. 

 

7.5.2.3 Irregularity in the bed thickness distribution 
 

The Cotefablo and Banastón systems show intriguing bed-thickness variation. Both in 

a down-palaeoflow and across-palaeoflow direction, there is an increase in the 

proportion of thicker beds towards the lobe-fringe from the lobe-axis environments, 

then a decrease in bed thickness toward the most distal parts of the Jaca Basin (Figs 

7.5B and 7.6B). These trends in bed thickness could have two explanations.  

The first is that during the deposition of the Cotefablo and Banastón systems, 

there was substantial sediment bypass in the most proximal parts of the Jaca Basin, 

leading to a high proportion of very thin-bedded and coarse-grained sandstones in 

proximal lobe-axis and lobe off-axis environments, and an increase in thick-bedded 

and fine-grained sandstones in the distal parts of the basin. 

The second possibility involves both basin-scale and local confinement of 

SGFs transiting through the basin. Relative confinement of SGFs had a direct effect 

on the geometry and sedimentary structures of the deposits, due to processes such as 

flow deflection and reflection (e.g., Pickering and Hiscott, 1985; Kneller et al., 1991; 

Alexander and Morris, 1994; Kneller and McCaffrey, 1999; Al Ja’aidi et al., 2004). 

Basin confinement in the Jaca Basin was caused by southward thrust propagation in 



 
 

294 

the rising orogen, and structural steepening of the cratonic margin (southern carbonate 

platform) due to forebulge uplift (Fig. 7.9) (Labaume et al., 1983, 1985, 1987; Seguret 

et al., 1984; Payros et al., 1999). In the Jaca Basin, the episodic large-scale collapse 

of the northern and southern carbonate platforms to generate the megaturbidites/mass-

transport deposits (MTDs) or mass-transport complexes (MTCs), such as the Roncal 

megabed, would have created significant local confinement in what was a relatively 

narrow and elongate basin (Fig. 7.9) (Payros et al., 1999, their figs 13A, 13B). The 

Roncal megabed has been traced down the axis of the Jaca Basin for ~75 km and 

commonly reaches thicknesses >100 m. (Johns et al., 1981; Rosell and Wieczorek 

1989). The MTDs/MTCs resulting from the periodic collapse of the northern and 

southern carbonate platforms (carbonate breccias) tended to preferentially accumulate 

(and be preserved) on the southern basin margin (carbonate breccia – slope talus), 

probably because of the southward migration of the foreland basin. The cumulative 

effects of these basin-narrowing and, therefore SGF-confining processes, would have 

created greater deposit (bed) thickness. Bell et al. (2018) also noted the increased bed 

thicknesses discussed above, but ascribed the lobe confinement only to tectonic 

narrowing and only for the Broto System (their fig. 15A). 

In summary, in the Jaca Basin, both local and basin-scale confinement were 

contributory factors in controlling the distribution of bed thicknesses for the Cotefablo 

and Banastón systems (Fig. 7.9). Here, it is proposed that the MTDs/MTCs (including 

carbonate megaturbidites) were important topographic features in creating local 

accommodation for bed thickening, and at times for overall basin narrowing during 

the deposition of the Jaca Basin systems. Such bed-thickness trends have not been 

observed in the Broto and Jaca system. 
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Figure 7.9: Schematic depositional model of the Jaca Basin palaeogeography during 
the Middle Eocene. Red arrows show the directions of the deflected SGFs due to the 
narrowing of the basin (progress of thrust faulting toward the south and “forebulge” 
uplift of the Southern Carbonate platform), and to the collapse of the northern and 
southern carbonate platforms that generated “megaturbidites”. Green arrows indicate 
the direction in which bed thicknesses increases. Mauve arrow indicates the direction 
of the (small) variation in the proportion of SFDs. 
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7.5.2.4 Parameters controlling the distribution of SFDs in the Jaca Basin 
 

In Section 7.5.1, it is postulated that seafloor gradient and confinement likely played 

a key role on the flow criticality in the Ainsa Basin. These two proposed criteria are 

supported by the SFD distribution from the Ainsa to the Jaca basins (Section 7.4; Fig. 

7.8), because a higher proportion of SFDs were observed in the relatively confined 

channel and canyon environments associated with greater slope gradients in the Ainsa 

Basin, when compared with the relatively unconfined lobe-and-related environments 

of the Jaca Basin. 

Within the Jaca Basin, a small variation in the proportion of SFDs was 

observed, whereas a significant decrease in SFD percentages was anticipated from the 

proximal lobe-axis to the more distal lobe-fringe sites due to a decrease in flow 

velocity, competence and capacity. This small variation in flow criticality in the Jaca 

Basin could be explained by the geometry of the basin. Interpretation of bed-thickness 

and grain-size distribution for the Cotefablo and Banastón systems shows that there 

was an increase in basin-scale and local confinement in the lobe-fringe environments 

of the Jaca Basin, therefore, an increase in the proportion of SFDs would be expected 

in the Cotefablo and Banastón systems. Any decrease in the flow velocity, competence 

and capacity of SGFs with increasing distance from the sediment source was likely 

offset by increasing flow confinement and, therefore, increased flow criticality toward 

the most lobe-fringe environments of the Jaca Basin. Thus, there appears to have been 

a trade-off between the increase in basin confinement, that would have favoured an 

increase in flow velocity and the general decrease in flow velocity as SGFs travelled 

basinwards. In the latter case, basin confinement probably exerted an important role 

in the distribution of SFDs in the Jaca Basin. Basin geometry is another criterion to 

take into account as likely playing a role in the flow criticality. 

A relatively high proportion of SFDs was observed in lobe-fringe 

environments in the Banastón System (>50% in Log 19). This value is exceptionally 

high and unrepresentative of most lobe-fringe environments in the Jaca Basin. Log 19 

is relatively short (~28 m), and with a high proportion of Facies Class B deposits (as 

defined by Pickering and Hiscott, 2016), with several beds showing backset-cross 

lamination and planar-parallel lamination. This log also has a high proportion of 

upper-plane beds. Log 18 (~1 km east of Log 19) shows 34% SFDs. This abrupt 

increase in the proportion of SFDs, from 34% to 50%, might be due to local changes 
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in seafloor topography, such as a local increase in seafloor gradient, a local increase 

in flow confinement, and/or the presence of a metres or kilometre-scale obstacles on 

the seafloor (cf. Alexander and Morris, 1994) such as redeposited carbonate breccias 

/ megaturbidites in MTDs/MTCs (Fig. 7.9). 

This result of this study emphasises the role of flow confinement in explaining 

the distribution of SFDs. Increasing confinement would initially increase flow velocity 

and, therefore, Fr, but the increasing flow thickness in time and space, would have 

given rise to lower Fr. To contextualise this statement for the Jaca Basin, the sediment 

record of the lobe environments in the Jaca Basin show an insignificant decrease in 

the SFD proportion from lobe-axis to lobe-fringe environments, explained by the 

increase in confinement in the lobe-fringe environments. Although no sedimentary log 

was measured in the basin plain in the Pamplona area, one might predict a significant 

decrease in the SFD proportion from lobe-fringe environment of the Jaca Basin to the 

basin floor of the Pamplona Basin due to a progressive decrease in velocity and 

increase in flow thickness, both decreasing the Fr. 

 

7.5.3 SFDs or tidal deposits? 

 

A curious aspect of the Ainsa and Jaca basins is that many of the described and 

interpreted deposits in this thesis appear to be poorly documented from other ancient 

deep-marine systems. This might simply be that such bedforms have been overlooked 

in the past, because they have not fitted expected depositional models, including the 

Bouma sequence. Alternatively, one might argue that they could represent a deep-

water tidal influence in the Ainsa Basin, which was certainly a narrow and elongate 

seaway connected to the global ocean, perhaps with similarities to submarine canyons, 

where tidal processes are recognised in deep water (e.g., Beaulieu and Baldwin, 1998). 

The absence of candidate tidal bundling (e.g., neap-spring depositional cycles), a lack 

of convincing flaser, wavy and lenticular ripples, and the ubiquitous presence of deep-

water foraminifera, leads to a rejection of this interpretation in favour of processes 

linked to supercritical-flow versus subcritical flow in SGFs. 

 



 
 

298 

7.5.4 SFDs or reflected-flow deposits?  

In confined settings, as in the Ainsa and Jaca basins, one might argue that the 

SFDs described in this thesis might have resulted from flow-reversals. However, the 

beds described in this thesis are different in character to those described in the 

literature for reflected flows. Deposits of reflected flows show grain-size breaks, mud 

partings and a structureless thick silty mudstone caps (cf. Pickering and Hiscott, 1985). 

For flow reflections, SGFs need to be sufficiently thick to maintain momentum and be 

blocked in a down-flow direction, otherwise they would simply be deflected and 

continue basinwards. The beds describe in this thesis, have neither thick silty 

mudstone caps, nor do they contain sedimentary structures that can be readily 

identified as reversing flows. However, the presence of flow deflection against the 

lateral basin slopes is recognised in the Jaca Basin.  

The presence of thick siliciclastic megaturbidites (>5 m) is noted in the Jaca Basin. 

These siliciclastic megaturbidites show typical features of reflected flows, e.g., grain-

size breaks and thick structureless silty mudstone caps: SFDs have not been described 

in these beds. Thus, the sedimentary structures described in the context of 

experimental and theoretical work, lead to reject flow containment, and therefore flow 

reflection, in favour of supercritical-flow conditions. 

 

 

7.6 Conclusions 

 

In this chapter, from the analysis of the distribution of SFDs linked with depositional 

environments, it has been possible to evaluate the different parameters controlling the 

SFD distribution and, therefore, the submarine-fan architecture. Here, an erosional-

depositional model is presented for this distribution of structures, bedforms, and 

deposits, something that should prove useful for comparison with other deep-water 

systems. 

From the qualitative analysis of SFD distribution, it appears that: 

(i) Erosional coarse-grained supercritical-flow bedforms occur in high-slope gradients 

and relatively confined settings such as mid-slope environment and also located at the 

base of channels, e.g., they might be precursors to the development of channels. 
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(ii) Depositional fine-grained supercritical-flow bedforms are more common in low-

gradient slopes and relatively unconfined settings, such as proximal-basin floor and 

submarine lobes environments. 

 

From a quantitative study of the distribution of SFDs in the Ainsa and Jaca 

basins, it appears that: 

(i) There is a decrease in the proportion of SFDs from the channel-axis to channel-

margin sites in the Ainsa Basin, certainly linked with a decrease in flow strength and 

velocity away from the channel axis. However, no significant variation in SFD 

proportion was observed in an axis-to-off-axis (lateral) direction from the lobe-axis to 

the lobe lateral-fringe environments in the Jaca Basin. 

(ii) There is an increase in the proportion of SFDs from mid-slope, to proximal basin-

floor to lower-slope environments in the Ainsa Basin. A small decrease in the 

proportion of SFDs was observed in a proximal-to-distal (longitudinal) direction from 

the lobe-axis to lobe distal-fringe sites in the Jaca Basin. 

(iii) There is an abrupt decrease from the proximal basin-floor environment in the 

Ainsa Basin and the lobe-axis environments in the Jaca Basin, explained by the 

common occurrence of hydraulic jumps at the break-of-slope and at the channel-lobe 

transitions. 

Variation in the spatial distribution of SFDs in the Ainsa and Jaca basins 

suggests that channel confinement, slope gradient and basin geometry likely exerted 

an important influence on the flow criticality. It can be argued that any apparent 

genetic association between the proportion of SFDs and grain size is coincidental and 

related to preservation potential. Tectonic activity, such as the growth of the Mediano, 

Boltaña, and Añisclo anticlines in the Ainsa Basin, but also the southward thrust 

propagation of the rising orogen and structural steepening of the cratonic margin in 

the Jaca Basin, will all have played a role in the confinement of the fans (and also in 

slope gradient), thereby impacting on the criticality of any flows. 

The integrated study in the Jaca Basin, using bed-thickness, grain-size and 

SFD distribution appears to provide an improved understanding of the lobe 

architecture in the Jaca Basin, and of the impact of seafloor topography (e.g., 

confinement, seafloor gradient, obstacle on the seafloor) and basin geometry on the 

evolution of lobe architecture. 
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Chapter 8  
 
 
 

SFDs IN CORES  
 

 

 

8.1 Introduction  

 

An important aspect in understanding supercritical flow and its associated deposits is 

the recognition of SFDs in core. In core, recognition criteria of SFDs, are mainly based 

on sedimentary structures and on grain-size variation within a single bed. 

In this study, core was analysed from the industry consortia-funded University 

College Ainsa Project (Pickering et al. 2015 and references therein), in which eight 

wells were drilled in the Ainsa System (Ainsa Basin): wells A1, A2, A3, A4 (including 

A4B), A5, A6, L1 and L2. The Ainsa Project is an integrated outcrop-subsurface study 

that includes core and outcrop analysis. These wells were drilled to typical depths of 

~250 m, except Well A5 that reached only ~55 m depth in order to capture data from 

behind a quarry face (Ainsa Quarry). Core recovery was excellent, at ~97%. 

Downhole logging included calliper, sonic, spectral gamma-ray, neutron and density 

logs. High-resolution core photography was contracted out to Elf by UCL at their 

research laboratories in Pau, southern of France. The well locations are shown in 

Figure 8.1.  

In this study, Well A6 is not considered because it is mostly thin- and very 

thin-bedded, fine-grained sediments, that represent interfan (between the Ainsa-III and 

Morillo-1 fans) and channel-margin-levée-overbank deposits of the Ainsa III Fan. 

These sediments have been interpreted as deposited by mostly low-concentration and 

low-velocity turbidity currents by Cantalejo and Pickering (2015), and this 

interpretation is accepted in this study. 
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Figure 8.1: Geological map of the Ainsa System with the location of the eight wells. 
Modified from Pickering and Corregidor (2005) and Pickering et al. (2015). 
 

This chapter is divided into three parts. Firstly, it focusses on the different 

recognition criteria for SFDs, defined both from the observation of discrete sandstone 

beds in core and from the analysis of high-resolution core photos.  

Secondly, using the binocular microscope, a detailed fabric analysis of SFDs 

throughout the 65 discrete sandstone beds is presented. Centimetre-scale detailed 

sedimentary logging of these beds was conducted in order to observe variations in 

grain-size and mineral composition, to be linked with the macro-scale observation of 

SFDs. Detailed sedimentary logging and hydrodynamic interpretation of the 65 

discrete sandstone beds are available in Appendix C. 

The third step includes an analysis of the high-resolution core photographs, 

where bed thickness, grain-size, facies-associations (based on facies scheme of 

Pickering and Hiscott (2016)) and supercritical- and subcritical-flow sedimentary 

structures were recorded. In total, 10,692 beds of sandstones and mudstones were 

measured, in core. The purpose of this analysis is to link the distribution of SFDs with 

the different depositional environments recorded in each well. 
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Discrete sandstone beds are identified and numbered from 1 to 65. Their depth 

at base, SFD percentage, and associated depositional environment are reported in 

Table 8.1.  

 

8.2 Evaluation of the recognition criteria of SFDs in cores 

 

Recognition criteria for SFDs in core were developed both from observation of 65 

discrete sandstone beds, and from the high-resolution core photos. As for outcrop 

observations, only concentrated density-flow deposits and turbidites are considered in 

this study. From this analysis, three recognition criteria are defined to characterise 

supercritical-flow conditions and the presence of hydraulic jump in the sedimentary 

record. 

 

8.2.1 Asymmetric centimetre-scale scours 

 

The association between asymmetric centimetre-scale scours infilled by structureless 

sandstones associated with: (i) traction carpet (Fig. 8.2A), (ii) flame structures (Figs. 

8.2B and D), and (iii) matrix-supported mudclasts (Figs. 8.2B, C and E) toward the 

base of a bed, is linked with the presence of a hydraulic jump (Postma et al., 2009).  

The association between asymmetric centimetre-scale scour, structureless 

deposits, and traction carpets are commonly associated to hydraulic-jump deposits 

(Postma et al, 2009), and particularly, to the internal hydraulic jump of erosional 

supercritical-flow bedforms, such as cyclic steps (Cartigny et al., 2014).  In core, 

traction carpets are identified as inversely graded parallel lamination and indicate 

shear processes (Hiscott, 1994b; Sohn, 1997). Each lamina is between 0.5–1.5 cm 

thick (Fig. 8.2A).  

Flame structures represent deformation of the soft sediment of the substratum 

and are commonly association with a hydraulic jump (Postma et al., 2009; Postma and 

Kleverlaan, 2018) (Figs. 8.2B and D).  

The association of asymmetric centimetre-scale scours infilled by structureless 

sandstones and matrix supported mudclasts, indicate the action of erosive flows 

associated with increased turbulence due to hydraulic jumps, incorporating mudclasts 
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into the flows (Komar, 1971; Garcia and Parker, 1989; Garcia, 1993; Ito et al., 2014; 

Vellinga et al., 2017).  

To provide supporting evidence for hydraulic jump or erosional supercritical-

flow bedforms, one might expect the presence of backset lamination in the sandstones 

infilling the centimetre-scale scours. However, backset lamination associated with 

scours are rare in the cores of the Ainsa Basin. Lamination are difficult to observe in 

core because of the complex conditions that create lamination. For example, the 

presence of lamination is linked with the available grain sizes and the grain-size 

composition. To distinguish lamination, it is necessary to observe segregation, such as 

a grain-size segregation or a mineral composition segregation. 

In the cores of the Ainsa Basin, it is also important to consider the high degree 

of bioturbation. In some cases, sedimentary structures at the base of the beds can be 

difficult to distinguish because of the high degree of bioturbation, i.e. mixing the base 

of the bed with the top of the bed below, making the interpretation of flow processes 

challenging (Fig. 8.2E). 
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Figure 8.2: (A) Centimetre-scale scour filled by medium-grained sandstones showing 
parallel lamination (emphasised by dashed lines), interpreted as traction carpet 
deposits. (B) Flame-like structures created after substratum erosion (incorporating 
mudclasts floating in the sand matrix). (C) Centimetre-scale scour filled by 
structureless coarse-grained sandstones with centimetre-scale floating mudclasts, 
typical of post-hydraulic jump deposition. (D) Flame-like structures located at the base 
of a turbidite identified with the division Ta, Tb and Tc. (E) Centimetre-scale mudclasts 
floating in the matrix could indicate the presence of a hydraulic jump but could be 
obscured by bioturbation. 
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8.2.2 Backset lamination 

 

Low-angle to high-angle backset lamination is commonly associated with upstream-

migrating bedforms such as antidunes (Middleton, 1965; Normark et al., 1980). As 

explained in 8.2.1, backset lamination are difficult to observe in the cores of the Ainsa 

Basin. 

In core images, backset lamination have been observed in association with 

millimetre-scale mudclasts (Fig. 8.3A), that could indicate the presence of a hydraulic 

jump, and therefore, an erosional supercritical-flow bedform. However, the lack of 

other observable criteria, such as centimetre-scale scours associated with the backset 

lamination, impedes further interpretation of any erosional supercritical-flow 

bedforms. The presence of backset lamination alone (and absence of scours), indicates 

the presence of a depositional supercritical-flow bedform such as a candidate unstable 

antidune (FA2a, FA2b) or stable antidune (FA3), rather than an erosional 

supercritical-flow bedform. 

Backset lamination also have been observed and described in discrete 

sandstone beds logged with a binocular microscope. In Well A1, core 48 (see table 8.1 

for depth at base and associated depositional environment), low-angle backset 

lamination are underlain by millimetre-scale mudclasts located at the base of 

sandstone turbidites (Facies C2.3). In core 54 (Well A4), low-angle backset lamination 

are not visible with the naked eye but is observed with the binocular microscope. 

Under microscope, backset lamination are persistent and present in the bottom 10 cm 

of a concentrated density-flow deposit (Facies B2.2). 
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Figure 8.3: (A) Low-angle backset lamination associated with soft deformation of the 
substratum at the base of the bed. (B) Isolated planar-parallel lamination showing 
mineral composition segregation. (C) Isolated planar-parallel lamination showing 
both grain-size and mineral composition segregation. (D) Thick-bedded sandstones 
with pervasive planar-parallel lamination throughout, interpreted as candidate upper-
plane beds (FA4). (E) Turbidite showing the divisions Ta, Tb and Tc of the Bouma 
sequence. Planar-parallel lamination of the Tb division of the Bouma sequence is 
underlain by organic matter (OM) seen as deformed black grains. (F) Turbidite 
showing the Ta, Tb and Tc divisions of the Bouma sequence. 



 
 

308 

8.2.3 Planar-parallel lamination 

 

As explained in sections 4.3.4 and 4.4.2 of this thesis, the interpretation of planar-

parallel lamination in terms of flow processes is difficult. 

Planar-parallel lamination developed under supercritical-flow conditions can 

be observed in three supercritical-flow bedforms: (i) very low-amplitude bedforms 

(in-phase bed); (ii) plane bed formed under slow aggradation rates (Allen, 1984; Paola 

et al., 1989; Cheel, 1990); and (iii) on the stoss sides of cyclic-step bedforms (Postma 

and Cartigny, 2014). However, in core analysis, it is (obviously) not possible to 

analyse the geometry and lateral grain-size variation of bedforms. It is therefore 

important to focus on the variation in the grain fabric (i.e., grain size, texture, and 

mineral composition) of the planar-parallel lamination in order to define recognition 

criteria for those formed under supercritical-flow conditions. Planar-parallel 

lamination showing grain-size and mineral composition segregation and imbrication, 

typical of bed shear stress, are interpreted as having formed under supercritical-flow 

conditions (Allen 1984; Paola et al., 1989; Sumner et al., 2008). 

To strengthen the recognition criteria for plane beds formed under 

supercritical-flow conditions in cores of the Ainsa Basin, grain fabric of parallel 

lamination from core 65 (Well L2) and core 54 (Well A4) were described using a 

digital microscope. Parallel lamination of core 65 (Well L2), interpreted as the Tb 

division of the Bouma sequence (see complete interpretation of core 65 in Section 

8.4), show grain-size segregation (Fig. 8.4C), with each lamina measuring ~0.5 cm 

and shows a fining upward sequence. Grain-size segregation can be explained by 

bursting cycles (Bridge, 1978; Allen, 1984; Bridge and Best, 1988; Paola et al., 1989; 

Cheel, 1990). This is when the coarsest sediments in the bedload are deposited during 

a burst stage whereas the finest sediments (suspended sediments) are dispersed 

upward. Following the burst, the velocity increases along with the shear stress both 

associated with the sweep stage, allowing the fine-grained sediments to settle until the 

next episode of burst deposits the coarse grains of the bedload. Depending on the 

availability of mineral types, and in case of more heterogeneous mineral composition, 

mineral segregation can be observed as well as grain-size segregation (Figs. 8.4A and 

B). In this case, coarse-grained minerals are associated with “dark” minerals such as 

clay minerals and mica. Fine-grained minerals are mainly composed of quartz and 
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feldspar. Here, dark laminae are referred to as “clay-rich” and light-colour lamina as 

“quartz-rich”. 

Grain imbrication is also observed within planar-parallel lamination (Fig. 

8.4D) indicating the palaeoflow direction and the presence of high bed shear stress 

which is necessary to develop planar-parallel lamination under supercritical-flow 

conditions. In Core 54 (Well A4), grain size and mineral composition are too 

homogeneous and no grain-size and mineral segregation were observed in the planar-

parallel lamination. However, as shown in figures 8.4E and 8.4F, it is possible to 

observe planar-parallel lamination underlain by organic matter (OM). In such cases, 

the OM would have been a pliable material, and likely to have been hydrodynamically 

segregated due to high-shear stress and underlined planar-parallel lamination 

Two types of planar-parallel lamination developed under supercritical-flow 

conditions are recognisable by the naked eye: (i) an isolated set of planar-parallel 

lamination showing grain-size or mineral compositional segregation, most of the time 

recognisable by the “clay-rich” and “quartz-rich” lamination (Figs 8.3B and C), and 

(ii) the planar-parallel lamination of the Tb division of the Bouma sequence (Figs. 8.3E 

and F). For the Tb division of the Bouma sequence, the statement of Walker (1965) 

and Skipper (1971) is followed, where the Tb division is considered developed under 

supercritical-flow conditions. Some beds show a high proportion of planar-parallel 

lamination (>50%). In this case, these types of beds are considered as upper-plane 

beds (FA4) (Fig. 8.3D). 
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Figure 8.4: (A) Close-up picture of the planar-parallel lamination observed in core 65 
(Well L2) showing grain-size segregation along with mineral segregation. Clay 
minerals represent the coarsest grain fraction at the base of laminae (clay rich). The 
finest grain sizes are composed of quartz and feldspar (quartz-rich). (B) Example of 
grain-size and mineral segregation observed in the planar-parallel lamination of the Tb 
division of core 65 (Well L2). (C) In the case of more homogeneous mineral 
composition, only grain-size segregation is observed forming the parallel lamination 
observed in core 65 (Well L2). (D) Grain imbrication observed at the base of lamina 
forming the planar-parallel lamination of core 65 (Well L2). (E and F) OM underlying 
the parallel lamination of core 54 (Well A4). 
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8.3 Analysis of SFDs on discrete sandstone beds  

 

In this section, the vertical characteristics of a single bed are described and interpreted 

in terms of hydrodynamics. In selected discrete sandstone beds that were analysed 

using a binocular microscope, it is possible to identify several bed amalgamation 

surfaces in many core sections, meaning that they can be interpreted as packages of 

stacked SGF deposits. As stated in section 8.2, only concentrated density-flow 

deposits (Facies Class A and B) and turbidites (Facies Class C) are considered in this 

analysis. Facies Class D are mainly composed of structureless or graded siltstones and 

are not considered in this study because they are mainly interpreted as weak bottom 

currents or very fine-grained sediment deposited from suspension. Any lamination 

such as ripple-cross or planar-parallel lamination observed in the siltstone beds of 

Facies D, are interpreted as shear sorting of silt grains and clay flocs in the viscous 

sublayer of the turbidity current (Stow and Bowen, 1980) and, therefore, likely 

deposited under subcritical-flow conditions. To calculate the percentage of SFDs, two 

scenarios are considered: 

- Scenario A: The first scenario gathers all the recognition criteria of SFDs described 

in core, e.g., (i) centimetre-scale scours associated with the presence of traction 

carpets, flame structures, mudclasts, and backset lamination identified as a 

candidate for hydraulic jumps or erosional supercritical-flow bedforms, (ii) 

backset lamination recognised as candidate unstable or stable antidune, and (iii) 

planar-parallel lamination. In this case, the absence of lamination (structureless 

deposits), ripple-cross and convolute lamination, and structureless and laminated 

mudstones are considered deposited under subcritical-flow conditions. 

- Scenario B: The second scenario considers all the recognition criteria described 

above, plus structureless deposits located at the base of the bed (such as the Ta 

division of the Bouma sequence), and structureless deposits located between 

sedimentary structures identified as formed under supercritical-flow conditions. 

As explained in section 8.2, the formation of sedimentary structures depends on 

the grain size and mineral composition available in the flow. To observe 

sedimentary structures, it is necessary to have a grain-size or mineral segregation. 

In case of a flow too homogeneous in terms of grain size or mineral composition, 

sedimentary structures will not be visible for both cases under subcritical- or 
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supercritical-flow conditions. Therefore, it might have been possible that 

structureless sandstones were deposited under supercritical-flow conditions from 

a homogeneous SGF (in terms of grain size and mineral composition), without 

leaving any clear evidence in the deposits. Similar structureless sandstones have 

been identified as being deposited under supercritical-flow conditions by Hiscott 

and Middleton (1980), when they interpreted the structureless sandstone layers or 

divisions of the Tourelle Formation (Québec, Canada) as deposited by dense, 

supercritical, turbulent flows.  

 

For both of these hypotheses, the percentage of SFDs was calculated for the 

sandstone beds. Scenario B depends on the proportion of structureless deposits, 

meaning it will always show higher percentages of SFDs than scenario A will. The 

advantage of these scenario is that for each bed, it is possible to calculate the range 

from the lowest percentage of SFDs (lowest boundary – Scenario A) to the highest 

percentage of SFDs (highest boundary – Scenario B). A comparison of the percentage 

of SFDs from scenarios A and B is displayed in Figure 8.5 along with the proportion 

of SFDs for each discrete sandstone bed. 

The error bar (difference between percentages calculated for scenarios A and 

B) is greater for the candidate subcritical-flow bedforms than for the candidate 

supercritical-flow bedforms. This difference is because some of the beds show a thick-

bedded structureless Ta division that plays an important role in the interpretation of 

the percentages and where there is the greater uncertainty on the percentage of SFDs. 

After calculating the percentages of SFDs of the discrete sandstone beds, two 

groups were identified (Fig. 8.5): (1) beds deposited in an environment with general 

supercritical-flow conditions, and (2) beds deposited in an environment with general 

subcritical-flow conditions.  

 

8.3.1 Beds deposited in an environment with general supercritical-flow conditions 

 

The first group of beds gathers the discrete sandstone beds with > 50% of SFDs based 

on scenario A. Most of these beds show a relatively high percentage of SFDs with 

candidate supercritical-flow bedforms such as antidune or upper-plane beds, and 

supercritical-flow sedimentary structures such as the Tb division of the Bouma 
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sequence. This group gathers discrete sandstone beds deposited in an environment 

with general supercritical-flow conditions. The most abundant sedimentary structures 

formed under supercritical-flow conditions are planar-parallel lamination described 

above. No typical bed thickness or grain size can be attributed to this group as the bed 

thickness ranges from very-thin bedded to thick-bedded sandstones with grain-size 

varying from very fine-grained to coarse-grained sandstones. There are, however, two 

types of facies observed in this group. The first types of beds showing >50% of SFDs 

belong to Facies Class B. The most relevant example, is core 54 (Well A4) (Fig. 8.6), 

which is composed of two medium-bedded, fine-grained sandstones. The lower of 

these two beds shows pervasive planar-parallel lamination with a high OM content 

(Fig. 8.4E and F). This bed is identified as Facies Class B2.1 and as a candidate upper-

plane bed (FA4). The bed located above this displays low-angle backset lamination at 

the base, followed by a progressive transition to planar-parallel lamination. According 

to the above criteria, this bed which is identified as Facies B2.2, was mostly deposited 

under supercritical-flow conditions, and is a candidate stable or unstable antidune. The 

distinction between stable and unstable antidunes has not been made and is quite 

difficult from core observations because they both show a sharp base and backset 

lamination but it is not possible to observe the lateral variation of the bedform 

geometry.   

The other supercritical-flow bedforms observed in this first group of bedforms 

are identified as stacked thin-bedded turbidites with pervasive planar-parallel 

lamination, identified as Facies C2.3 (Tb division of the Bouma sequence) such as core 

48 (Well A; Fig. 8.6) and core 15 (Well A5; Fig. 8.6). Individual medium-bedded 

turbidites are also identified as candidate supercritical-flow bedforms showing a thick 

interval of pervasive planar-parallel lamination and underlined by mudclasts, such as 

in core 41 (Well L; Fig. 8.6). Others are very-thin-bedded sandstones (between 1 and 

3 cm thick) showing pervasive planar-parallel lamination (e.g., core 13, Well A4B; 

Fig. 8.6). These types of beds can be evidence of a flow with a supercritical-flow basal 

layer with high internal shear stress, and where most of the flow is bypassing in a more 

distal direction. 
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Figure 8.5: Histogram showing the proportion of SFDs for discrete sandstone beds. 
For each core, the percentage for scenarios A and B is shown. 
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8.3.2 Beds deposited in an environment with general subcritical-flow conditions 

 

The second group of beds brings together the discrete sandstone beds showing <50% 

of SFDs. This group characterises sediments deposited in an environment with general 

subcritical-flow conditions. Some of the beds are considered deposited entirely under 

subcritical-flow conditions (e.g., structureless siltstones or beds with ripple-cross 

lamination). The typical bed of this group is very-thinly bedded, graded siltstones 

identified as Facies D1.1 or D2.2 (example in Fig. 8.7; core 26, Well L1). Facies D1.1 

and D2.2, alternate between structureless and bioturbated mudstones and could have 

been deposited by weak bottom currents or the tail-end of low-density turbidity 

currents. Some of these beds show internal sedimentary structures such as planar-

parallel lamination (Fig. 8.7; core 63, Well A2) or ripple-cross lamination (Fig. 8.7; 

core 11, Well A4B). In the case of core 63 (Well A2), there is a high degree of 

bioturbation and a high content of mudstones. High content of mudstones could be an 

artefact due to bioturbation. In this case, mudstones are not underlying the planar-

parallel lamination, and therefore, this type of lamination is not considered to have 

formed under supercritical-flow conditions. 

Very-thin to thin-bedded turbidites that are identified as Facies C2.3, are also 

recognised in the second group. This type of bed can be alternating with structureless 

mudstones (Fig. 8.7; core 59, Well A2) or can be observed as a package of stacked 

beds (Fig. 8.7; core 5, Well A4B; core 1, Well A5). In this category of beds, the Tb 

division of the Bouma sequence is not always recognised. When Tb is not recognised, 

most of the bed can be interpreted as deposited under subcritical-flow conditions 

(Scenario A). It is these types of beds that show the greatest uncertainty in the 

percentage of SFDs and where the largest difference between scenario A and B is 

observed. Depending on how thick the structureless Ta division of the Bouma 

sequence is, some of the stacked beds can show >80% of SFDs according Scenario B 

(Fig. 8.7; core 1, Well A5). 
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Figure 8.6: Selected examples of discrete sandstone beds with >50% of SFDs 
according scenario A and deposited in an environment with general supercritical-flow 
conditions. 
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Figure 8.7: Selected examples of discrete sandstone beds with <50% of SFDs 
according to scenario A and deposited in an environment with general subcritical-flow 
conditions. 
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8.4 SFDs in core and their associated depositional environments  

 

Previously, depositional environments were interpreted based on wireline log analysis 

and outcrop observations of Pickering et al. (2015) (Fig. 8.8). In order to establish 

whether it is possible to characterise a depositional environment of a bedform in a 

core, the hydrodynamic interpretations of discrete sandstone beds are compared with 

their depositional environment, which is a new approach. 

 

8.4.1 SFDs in Well A1 

 

Four selected discrete sandstone beds were analysed from Well A1. The position of 

the discrete sandstone beds is shown in Figure 8.8 and recorded in Table 8.1. Core 50 

is located at 36.50 m and shows only subcritical-flow deposits. This discrete sandstone 

bed is located toward the channel margin at the top of the Ainsa III Fan (Pickering et 

al., 2015), an area where low velocity and low flow-capacity are expected. Cores 45 

and 48 (184.34 m and 187.75 m depth, respectively) are both located in the channel 

axis environment of the Ainsa I Fan. Core 48 is recorded as stacked thin-bedded 

turbidites (Facies C2.3) with SFDs ranging from 67% (scenario A) to 80% (scenario 

B) and displays a candidate stable or unstable antidune, fitting well in a context of 

channel axis environment. Core 45, at the top of the Ainsa I Fan, shows an alternation 

of thin-bedded turbidites (Facies C2.3) with structureless mudstone and SFDs varying 

from 21% (scenario A) to 42% (scenario B). The decrease in the proportion of SFDs 

between cores 45 and 48 can be attributed to the fining upward observed by Pickering 

et al. (2015) in the Ainsa I Fan of Well A1, interpreting as a progressive channel infill. 

Core 46, located below the Ainsa I Fan and within the interfan deposits, is a thin-

bedded turbidite (C2.3) with SFDs ranging between 47 to 82% and could correspond 

to the presence of exceptional low-density turbidites. 

 

8.4.2 SFDs in Well A2 

 

Six discrete sandstone beds were analysed in Well A2. The position of the discrete 

sandstone beds is shown in Figure 8.8 and Table 8.1. Core 59 shows two very-thin 

bedded turbidites (Facies C2.3) located in the Ainsa III Fan (Fig. 8.8) at 37.10 m depth. 
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SFD percentage ranges from 0 to 73%, because the beds are mostly composed of 

graded structureless deposits. The absence of any sedimentary structures is caused by 

the high degree of bioturbation. These deposits are associated with the channel margin 

of the Ainsa III Fan and can represent the tail-end of more energetic SGFs. Cores 60 

and 63 are located between 143.15 m (core 63) to 176.40 m (core 60), in the interfan 

environment (Figure 8.8 and Table 8.1). Cores 60 and 63, are interpreted as Facies 

D2.2, do not show any SFDs, and are mainly composed of siltstones with ripple-cross 

and planar-parallel lamination that could indicate deposition by a weak bottom 

current. Cores 61, 62 and 64 are composed of thin-bedded fine- to coarse-grained 

turbidites. SFD percentages vary from 0 to 67%, 46 to 77%, and 63 to 75% for core 

61, 62, and 64 respectively. These three cores are identified as an environment with 

general supercritical-flow conditions, according to the description above. SFDs are 

comprised of the Tb division of the Bouma sequence (scenario A) and of the Tb 

division and the structureless Ta division (scenario B). These individual beds must 

represent non-channelised, low-density turbidites. Although the Ainsa System 

represents a lower-slope environment, cores 62 and 64 have a surprisingly high 

percentage of SFDs for a non-channelised environment. Core 64, interpreted as being 

deposited in a supercritical-flow environment, does not fit within an interfan 

environment. 

 

8.4.3 SFDs in Well A3 

 

Three discrete sandstone beds were analysed in Well A3. Core 39, located at 24 m 

depth, displays a package of stacked thin- to medium-bedded turbidites with a 

percentage of SFDs varying from 57 to 86% indicating an environment with general 

supercritical-flow conditions, and characterising the channel axis of the Ainsa III Fan 

(Fig. 8.8, Table 8.1). Core 38 is located just above the base of the Ainsa III Fan at 75.5 

m depth. Within core 38, there is a package of stacked thin-bedded turbidites (Facies 

C2.3) and SFDs ranging from 64–82%, which match with a channel-axis depositional 

environment (Pickering et al., 2015) (Fig. 8.8, Table 8.1). Core 44 is located just below 

the metre-scour at the base of the Ainsa III Fan (see Section 5.4.4), at a depth of 75.65 

m in the interfan environment. Core 44 is interpreted as Facies D2.3 and do not show 
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any SFDs. This bedform could have been deposited by weak bottom current or slow 

uniform deposition from suspension of turbidity current in a pelagic environment. 

 

8.4.4 SFDs in Well A4 (including Well A4B) 

 

Three discrete sandstone beds were analysed in Well A4. Core 54 is located in the 

channel axis of the Ainsa III Fan, at a depth of 22.90 m (Fig. 8.8, Table 8.1). This 

discrete sandstone bed is composed of two medium-bedded fine-grained sandstones, 

both showing candidate supercritical-flow bedforms, such as upper-plane bed (FA4) 

and bedforms that are interpreted as stable and unstable antidunes (FA2a, FA2b, FA3). 

Both scenarios give an SFDs percentage of 85%, characterising an environment with 

general supercritical-flow conditions. Cores 55 and 53 are both located in the channel 

margin / levée-overbank of the Ainsa III Fan (Fig. 8.8, Table 8.1) at a depth of 73.50m 

and 90.65m, respectively. Core 53 is mainly composed of Facies C2.3 and D1.1, and 

shows a relatively low percentage of SFDs ranging from 38 to 52%, indicating an 

environment with general subcritical-flow conditions. Core 55 is only composed of 

Facies D2.3 and does not show any evidence of SFDs. 

Well A4B is the deepest part of Well A4 and was cored to capture the levée-

overbank deposits associated with the channelised deposits exposed in the Ainsa 

Quarry (~400 m north). Nine discrete sandstone beds were analysed (cores 4, 5, 6, 8, 

9, 11, 12, 13, and 16) in Well A4B. These cores are located at depths between 224.45 

m and 241.80 m in the interfan environment, below the Ainsa I Fan (Fig. 8.8, Table 

8.1). Cores 4, 5, 6, 8, and 16 (see Table 8.1 for core base depths) show individual or 

packages of stacked thin-bedded turbidites (Facies C2.3), mostly composed of the Tc 

and Td divisions of the Bouma sequence, leading to a low percentage of SFDs 

indicating environment with general subcritical-flow conditions (e.g., interfan 

environment). Core 11 is interpreted as Facies D2.1, a siltstone mainly composed of 

ripple-cross lamination that was perhaps deposited by a weak bottom current, or by 

the tail of a low-density turbidity current. Core 11 does not show any evidence of SFDs 

according to scenario A. It is a structureless, medium-grained sandstones with a high 

content of mudclasts and bioclasts that might indicate a sand-load cohesive flow with 

rapid mass deposition. Cores 12 and 13 present an exceptionally high content of SFDs 

for an interfan environment (60–80% and 100%, respectively) and is not 
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representative of pelagic environment. Core 12 shows a package of three stacked, thin-

bedded turbidites (Facies C2.3) with pervasive planar-parallel lamination, observed 

throughout the beds and leading to a high percentage of SFDs. Core 13 is a single non-

graded, thin-bedded, very fine-grained sandstones with pervasive planar-parallel 

lamination, and is interpreted as candidate upper-plane bed (FA4). 

 

8.4.5 SFDs in Well A5 

 

Seven discrete sandstone beds were analysed in Well A5. Well A5 is located above 

the Ainsa Quarry and drills through the sediments of the Ainsa I Fan channel axis. 

Through the analysis of the cores, two types of beds are characterised in terms of 

hydrodynamics. Cores 2, 14, and 15 are packages of stacked thin- to medium-bedded, 

coarse- to fine-grained sandstones, mainly composed of the Ta and Tb divisions of the 

Bouma sequence. These three individual sections display candidate upper-plane beds 

(FA4), and therefore have a high content of SFDs (with >65% of SFDs), indicating an 

environment with general supercritical-flow conditions (Fig. 8.8, Table 8.1). 

According to the gamma-ray log (Fig. 8.8), these beds are located in the sandy 

intervals. Cores 1, 3, 7, and 10 show individual or packages of stacked thin- to 

medium-bedded turbidites. Detailed sedimentary logs show that most of these beds 

have a thin interval of the planar-parallel lamination (Tb division of the Bouma 

sequence), leading to a low percentage of SFDs (all <35%) (Fig. 8.8, Table 8.1). These 

beds are also located in the channel axis environment of the Ainsa I Fan but according 

to the gamma-ray log, they are located in the interval of very-thin bedded turbidites 

alternating with marlstone intervals. Here, in the channel axis environment, it is 

possible to observe an alternation between environments with general supercritical-

flow conditions and environments with general subcritical-flow conditions. 

 

8.4.6 SFDs in Well L1 

 

Fifteen discrete sandstone beds were analysed in Well L1. Three groups with different 

types of beds are recognised. The first group includes cores 25, 33, 34, 36, 37, 43, and 

58 (see table 8.1 for core depths) showing packages of stacked, thin-bedded turbidites 

(Facies C2.3) and with relatively high percentages of SFDs ranging from 33 to 64% 
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for scenario A and from 40 to 85% for scenario B (Table 8.1). Planar-parallel 

lamination (Tb division of the Bouma sequence) is the main sedimentary structures 

recognised as deposited under supercritical-flow conditions in these discrete sandstone 

beds.  

The second category consists of individual medium- to thin-bedded sandstones 

(Facies C2.2 and C2.3) observed in cores 28, 31, and 40. Cores 28 and 40 show typical 

Ta, Tb, and Tc divisions of the Bouma sequence, with a relatively thick interval of 

planar-parallel lamination leading to a high percentage of SFDs from 25 to 75% for 

scenario A and from 63 to 83% for scenario B (Table 8.1). Thin-bedded sandstones 

observed in core 31 show foreset lamination that could be interpreted as a candidate 

subcritical-flow dune, and has SFDs percentages ranging from 22 to 56%. 

The third category includes cores 29, 30, 32, and 41, showing candidate upper-

plane beds (FA4) with a high percentage of SFDs from 70 to 100% for scenarios A 

and B (Table 8.1). 

Well L1 displays a wide range of depositional environments from channel axis 

to channel margin / levée–overbank and interfan environments. The various categories 

of beds observed in Well L1, however, are not associated to any particular depositional 

environment because packages of stacked beds in thin-bedded turbidites, as well as 

individual medium- and thin-bedded sandstones, are observed in both channel axis 

and interfan environments (Fig. 8.8, Table 8.1). Curiously, candidate upper-plane beds 

(FA4) are observed in channel margin / levée–overbank and interfan environments 

(Fig. 8.8, Table 8.1). 

 

8.4.7 SFDs in Well L2 

 

Only one discrete sandstone bed was observed in Well L2 (Fig. 8.8; core 65; Table 

8.1). Core 65 is composed of a single, thin-bedded, medium- to very-fine grained 

sandstone with a thick interval of planar-parallel lamination, and a centimetre-scale 

scour associated with mudclasts at the base of the bed. The association between 

centimetre-scale scours and mudclasts floating in the matrix indicates the presence of 

a hydraulic jump. The percentage of SFDs is relatively high with 72% for both 

scenarios. This discrete sandstone bed is located in the channel margin / levée–

overbank of the Ainsa II Fan. 
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Table 8.1: List of the discrete sandstone beds analysed with the binocular microscope 
with their associated depth, percentage of SFDs and depositional environments. 
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Table 8.1 (Continued) 
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8.5 SFD distribution in cores (wells A1, A2, A3, A4, A5, L1, and L2) 

 

Using high-resolution core pictures, the cores of the seven wells were logged at a 

centimetre-scale, with the proportion of: sandstones / mudstones, bed thicknesses, 

facies class (Pickering and Hiscott, 2016), grain size, and supercritical- / subcritical-

flow deposits recorded. In this case, to minimise the risk of misinterpretation, only 

scenario A have been considered for calculating the percentage of SFDs, and as such, 

any structureless deposits have been considered as deposited under subcritical-flow 

conditions. Figure 8.8 shows the interpretation of the depositional environment based 

on the interpretation of the wireline log and outcrop observations (Pickering et al., 

2015). In this study, percentage of SFDs is compared to the depositional environment 

previously interpreted by Pickering et al. (2015). 

 

8.5.1 SFD distribution in Well A1 

 

Well A1 is 221.6 m deep with 3,548 beds of sandstones and mudstones recorded 

(Table 8.2) and was drilled though the Ainsa I, II, and III Fans (Fig. 8.8). The sand / 

mud ratio is relatively high with >34% of sandstones. 13% of these sandstones are 

considered deposited under supercritical-flow conditions. Most of the SFDs are 

observed in very thin- to thin-bedded turbidites with planar-parallel lamination of the 

Tb division of the Bouma sequence. 9% of the beds recorded are composed of planar-

parallel lamination. The remaining SFDs are backset lamination and traction carpets. 

SFDs are not localised to a particular depositional environment and are observed in 

the channel axis of the Ainsa II Fan and throughout the interfan between the Ainsa II 

and Ainsa I fans. 

 

8.5.2 SFD distribution in Well A2 

 

Well A2 is 203.5 m deep and comprises 1,759 beds of sandstones and mudstones 

(Table 8.2). The sand / mud ratio is 25:75. The percentage of SFDs is relatively low 

at only 6% of SFDs. As in Well A1, most of the SFDs here are planar-parallel 

lamination, observed in the Tb division of the Bouma sequence. SFDs are observed as 

packages and do not correlate with any particular depositional environment. They are 
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present at the base of the channel axis of the Ainsa II Fan and throughout the interfan 

between the Ainsa III and I fans (Fig. 8.8). 

 

8.5.3 SFD distribution in Well A3 

 

Well A3 is 222 m deep and composed of 1,211 beds of sandstones and mudstones 

(Table 8.2). The sand / mud ratio and percentage of SFDs of Well A3 are similar to 

values in Well A2 at 26% (sand) and 6% (SFDs). The majority of SFDs are planar-

parallel lamination. SFDs are dispersed homogeneously in Well A3 and are mainly 

observed in the channel axis of the Ainsa III Fan, in the interfan between the Ainsa III 

and I fans, and in the channel off-axis and at the base of the Ainsa I Fan (Fig. 8.8). 

 

8.5.4 SFD distribution in Well A4 

 

Well A4 is 209 m deep and composed of 434 beds of sandstones and mudstones (Table 

8.2). Well A4 does not bisect any major fans, explaining the relatively low sand / mud 

ratio with only 6% sandstones. Only 1% of these sandstones have been interpreted as 

deposited under supercritical-flow conditions. Very-thin bedded turbidites showing 

planar-parallel lamination are observed in the channel margin of the Ainsa III Fan and 

in the interfan between the Ainsa III and I fans (Fig. 8.8). 

 

8.5.5 SFD distribution in Well A5 

 

Well A5 is relatively short (~55 m), was drilled just above the Ainsa Quarry, and cut 

through the channel-axis deposits of the Ainsa I Fan. Well A5 is composed of 362 

beds of sandstones and mudstones (Table 8.2). It is a unique well in comparison to the 

other wells in this study due to its high percentage of sandstones (68%). The highest 

percentage of SFDs is observed in Well A5 with >38% of sandstones deposited under 

supercritical-flow conditions. SFDs are mainly composed of planar-parallel 

lamination observed in very thin-, thin, and medium-bedded turbidites (40% of Facies 

Class C2) but also space stratification and backset lamination associated with 

centimetre-scale scours, indicating the presence of hydraulic jumps (Fig. 8.8). 
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8.5.6 SFD distribution in Well L1 

 

Well L1 is 226 m deep and composed of 1,565 beds of sandstones and mudstones 

(Table 8.2). Well L1 consists of 30% sandstones of which 9% were interpreted as 

deposited under supercritical-flow conditions. SFDs are mainly related to the planar-

parallel lamination of very-thin and thin-bedded turbidites (22% of Facies Class C2). 

SFDs are observed in packages of very-thin and thin-bedded turbidites dispersed 

throughout Well L1 in the channel axis and margin of the Ainsa II Fan, and in the 

interfan between the Ainsa II and I fans (Fig. 8.8). 

 

8.5.7 SFD distribution in Well L2 

 

Well L2 is 186.70 m deep with 1,813 beds of sandstones and mudstones (Table 8.2). 

Well L2 comprises ~25% sandstones, of which only 4% are interpreted as deposited 

under supercritical-flow conditions. SFDs are mainly observed with planar-parallel 

lamination seen in very thin- and thin-bedded turbidites (19% of Facies Class C2). 

SFDs are present as packages spread throughout the different depositional 

environments from the channel-off axis and margin / levée-overbank of the Ainsa II 

Fan, and in the interfan located below (Fig. 8.8).  
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Figure 8.8: Wireline log correlation of seven wells drilled behind outcrops of the 
Ainsa I, II, and III fans. Correlation between wells is interpretative and based on 
frequency, size, facies distribution, and stacking pattern of channel elements and mass 
transport deposits observed in the outcrop face. Note the location of the discrete 
sandstone beds, interpreted in terms of hydrodynamics. Panel modified from Pickering 
et al. (2015). 
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Table 8.2: Percentage of the total thickness calculated for each well of the sandstones 
and mudstones (siltstones are included in sandstone percentage), bed thickness (very 
thin beds, 1–3 cm; thin beds, 3–10 cm; medium beds, 10–30 cm; thick beds, 30–100 
cm; and very thick beds, >100 cm; Pickering and Hiscott, 2016), Facies Classes 
(Facies Class A, gravels, muddy gravels, gravelly muds, and pebbly sand; Facies Class 
B, sands; Facies Class C, sand-mud couplets, and muddy sands; Facies Class D, silts, 
silty muds, and silt-mud couplets; and Facies Class E, muds and clays; facies 
classification scheme of Pickering and Hiscott, 2016), grain size and proportion of 
SFDs (the percentage of mudstones is not taken into account in the calculation of 
proportion of SFDs), and the percentage of SFDs calculated in the sandstones.
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8.6 Discussion 

 

It is commonly agreed that most of the SFDs are observed in an environment with 

high-slope degree and relatively high-confined settings, e.g. submarine canyons and 

channels such as in the Monterey Canyon, California (Paull et al., 2010), the Tabernas 

Basin, Spain (Postma et al., 2016), the Sandino Forearc Basin, Southern Central 

America (Lang et al., 2017a), the Kazusa forearc Basin, Boso Peninsula, Japan (Ito, 

2010; Ito et al., 2014), the San Mateo canyon-channel, California (Covault et al., 

2014), the Juncal Formation and in the La Jolla Group in the Eocene forearc basin, in 

the Capistrano Formation in the strike-slip basin in Southern California (Ono and 

Plink-Björklund, 2017), and in the Squamish Delta, Canada (Hughes Clarke, 2016; 

Hage et al., 2018). Supercritical-flow bedforms have also been observed in the channel 

levée-overbank complexes in the Monterey East Channel, California (Fildani et al., 

2006) and in the Var Sedimentary Ridge, France (Migeon et al., 2001). Symons et al. 

(2016) classified three types of bedforms depending on their depositional 

environments: (i) small-scale sediment waves in confined settings such as submarine 

canyons and channels, (ii) large-scale sediment waves with mixed relief in relatively 

unconfined settings, associated with lee waves and bottom current, and (iii) large-scale 

scours observed in levée-overbank environments, on submarine canyon floors, at 

canyon mouth, in fan valleys and on continental slopes. 

This chapter aims to assess whether it is possible to link the depositional 

environment with the distribution of SFDs based on core observations. SFDs observed 

in the cores of the Ainsa Basin, are dispersed throughout the different environments, 

from the channel axis to the channel margin and levée-overbank, and in the interfan 

sediments. There is no clear trend observed between the distribution of SFDs and their 

depositional environments. 

 

8.6.1 SFDs in channel axis and off-axis environments 

 

As observed in outcrop, the highest proportion of SFDs was expected to be observed 

in the channel axis environment with a progressive decrease of the percentage of SFDs 

from channel axis toward the channel margin due to a decrease in flow velocity and 

capacity away from the channel axis (section 7.2.2.1). However, percentages of SFDs 
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are relatively low in the channel environment (no difference in the SFD proportion 

between the channel axis and channel off-axis). The highest percentage of SFDs are 

observed in the channel axis of the Ainsa I Fan (Well A5) with >38% of SFDs. 

Deposits of Well A5 can be compared to the sediments observed in the Ainsa Quarry, 

where >52% were interpreted as deposited under supercritical-flow conditions. These 

deposits are associated as a base-of-slope environment with several examples of 

metre-scale (FA1a) and centimetre-scale (FA1b) scours. Metre-scale scours are not 

observed in cores because of the scale but several examples of centimetre-scales 

scours were observed in the Well A5. 

Ainsa II and III fans are dominated by fine-grained sediments, therefore in the 

core pictures, lamination is not always clear and might lead to a relatively low 

percentage of SFDs being recorded from the channel axis of these fans. 

 

8.6.2 SFDs in channel margin and levée-overbank environments 

 

Although subcritical-flow deposits are dominant in the channel margin and levée-

overbank environment, a relative high percentage of SFDs are observed in this type of 

environment. SFDs observed in the channel margin and levée-overbank, are the results 

of turbidity currents that overspill the channel margin. Furthermore, levée-overbank 

environments tend to be suitable for supercritical-flow conditions because of the 

increase in slope gradient and the reduction in flow thickness (Hand, 1974). 

 

8.6.3 SFDs in interfan environments 

 

Interfan sediments between the Ainsa I Fan and Ainsa II and III fans are up to ~70 m 

thick and comprise two types of deposits. In the southern part of the Ainsa System 

(wells A1, A2, A3, A4, and A5), interfan sediments are related to slide deposits such 

as MTCs (Fig. 8.9). Whereas in the northern part of the Ainsa System (wells L1 and 

L2), in the San Vicente and Labuerda area, interfan sediments are not related to slide 

deposits and most deposits are considered as laminated, very-thin, and thin-bedded, 

very fine-, fine-grained, and silty sediments, including marlstones (Pickering et al., 

2015) (Fig. 8.9). Therefore, for both types of deposits, an absence of SFDs or a very-

low percentage of SFDs was expected. 
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8.6.3.1 Interfan sediments related to slide deposits 
 

In the MTC complexes observed in the southern part of the Ainsa System (wells A1, 

A2, A3, A4, and A5), two types of beds showing SFDs were observed: (i) undeformed 

very thin- to thin-bedded sandstones, and (ii) deformed very-thin to thin-bedded 

sandstones showing centimetre-scale faults or folds. The first type of deposits 

(undeformed sandstones) is related to energetic (supercritical) turbidity currents that 

were travelling down the basin slope on the irregular topography created by the 

presence of MTCs. This type of flow will let lenticular beds infill the irregular 

topography of the MTCs and will show evidence of SFDs such as planar-parallel 

lamination. The second type of deposit (deformed sandstones) is related to turbidites 

deposited in the upper slope environment by a turbidity current under supercritical-

flow conditions. This type of deposit can be attributed to a variation in sea level or to 

tectonic activity, creating slope instability, and leading to the formation of an MTD 

that includes the turbidites and other deposits moving down slope (Fig. 8.9). 

 

8.6.3.2 Laminated interfan sediments 
 

SFDs observed in very-thin to thin-bedded and very-fine to fine-grained sandstones 

from the interfan environment of the northern part of the Ainsa System (wells L1 and 

L2) could result from the tails of successive, unconfined energetic turbidity currents 

or concentrated-density flows. 

Another assumption is that large-scale waves formed by low-density turbidity 

currents (Howe, 1996) with a steep lee side, can trigger higher bottom-current flow 

velocity on the lee slopes (Symons et al., 2016). High-velocity bottom currents will 

rework the sand and can lead to sediment waves migrating upstream. It has also been 

stated that bottom currents can rework sands and display traction structures such as 

horizontal lamination (Shanmugam et al., 1993). Planar-parallel-lamination 

interpreted as formed under supercritical-flow conditions, might be the results of sand 

reworking by strong bottom currents on the lee side of large-scale sediment waves in 

the interfan environment. However, not all the SFDs observed in the interfan 

environment such as candidate upper-plane beds (FA4) and stable / unstable antidune 

(FA2a, FA2b or FA3) are the result of sand reworking by bottom currents. This is 

because even high-velocity bottom currents are not strong enough to rework the sand 
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and formed upper-plane beds or antidune deposits. Supercritical-flow bedforms such 

as upper-plane and antidune deposits might be the result of energetic, unconfined 

SGFs traveling down the basin slope (Fig. 8.9). 

 

8.6.4 Environment with general supercritical-flow conditions versus environment 

with subcritical-flow conditions 

 

Discrete sandstone beds are classified in two groups: (i) individual very thin- to 

medium-sandstones or packages of stacked very thin- to medium- sandstones (Facies 

classes B2 and C2) with >50% of SFDs (based on scenario A) indicating an 

environment with general supercritical-flow conditions, and (ii) vey-thin to thin-

bedded siltstones (Facies Class D2) and very-thin to thin-bedded sandstones (Facies 

Class C2) with <50% of SFDs, characterising an environment with general subcritical-

flow conditions. 

 

 

 

 
Figure 8.9: Schematic models of the two types of deposits observed in the interfan 
environments with both models containing SFDs. On the left is a model of the slide 
deposits (MTDs/MTCs) observed in wells A1, A2, A3, A4, and A5, with undeformed 
lenticular sandstone beds (infilling the MTD/MTC topography) and deformed 
deposits. On the right is a model of the laminated very thin- to thin-bedded, fine-
grained sandstones and marlstones with some unconfined, thin-bedded sandstone 
turbidites, and long-wavelength sediment waves. 
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From SFD distribution based on outcrop analysis, cores that suggest an 

environment with general supercritical-flow conditions were expected to be observed 

in the channel axis, off-axis or margin environment. Cores with these conditions were 

actually observed throughout the channel axis, off-axis, margin and also in the interfan 

environment, between the Ainsa II and III Fans and the Ainsa I Fan. 

For all seven wells, deposits indicating an environment with general 

subcritical-flow conditions, are dominant. Within wells A1, A5, L1, and L2, deposits 

indicating an environment with general supercritical-flow conditions are forming 

packages.  

There is an alternation between environments with general supercritical-flow 

conditions and environments with general subcritical-flow conditions in the channel 

axis environment of the Ainsa I Fan as well as in the interfan between the Ainsa II and 

I fans. This could be related to the seafloor topography, where there are obstacles such 

as MTDs/MTCs that create topography and increases the confinement in the channel 

axis and also in the interfan environments (Alexander and Morris, 1994). Alternating 

environments with general supercritical-flow conditions and those with general 

subcritical-flow conditions could also be the result of tectonic activity that induces 

slope-gradient variation. A high slope-gradient produces a favourable environment for 

supercritical-flow conditions whereas low slope-gradient is suitable for subcritical-

flow conditions. Pickering et al. (2015) shows that tectonics have played a major role 

on the position of the Ainsa System because of an episodic phase of uplift of the 

Boltaña anticline inducing eastward “back-stepping” of the depositional axis of each 

sandbody. Periodic uplift of the Boltaña anticline could lead to episodic increase in 

the basin slope leading to an alternation of environments with general supercritical-

flow conditions and with general subcritical-flow conditions.  

 

  



 
 

336 

8.7 Conclusions 

 

The objective of this chapter is to improve the recognition criteria of SFDs and the 

link between SFD distribution and their associated depositional environment from 

core descriptions. 

Three recognition criteria of SFDs in cores are defined: (i) centimetre-scale 

scours associated with structureless sandstones, traction carpets, flame structures, and 

mudclasts are interpreted as hydraulic jump deposits, (ii) backset lamination indicating 

the presence of candidate stable or unstable antidunes, and (iii) individual set of 

planar-parallel lamination when observed in >50% of the beds are considered as 

candidate upper-plane beds (FA4) and planar-parallel lamination associated with the 

Tb division of the Bouma sequence. 

The analysis of the discrete sandstone beds leads to two distinct groups based 

on the percentage of SFDs for the sandstone beds: (i) sandstone beds with >50% of 

SFDs indicating an environment with general supercritical-flow conditions, and (ii) 

sandstone beds with <50% of SFDs suggesting an environment with general 

subcritical-flow conditions. 

The analysis of the SFDs distribution throughout the seven wells shows that 

subcritical-flow deposits comprise a major component and that SFDs are dispersed 

from channel axis to channel margin / levée-overbank and interfan environments. A 

low percentage of SFDs in a channel axis can be explained by a combination of too 

few discrete sandstone beds being analysed and by the lack of lamination evident in 

the core pictures. The presence of SFDs in the channel margin / levée-overbank is 

explained by the SGFs overspilling the channel margin. The occurrence of SFDs in 

interfan environments is explained by high-velocity bottom currents on the lee waves 

that is reworking the sand on the large-scale sediment waves, and by the intermittent 

presence of energetic turbidity currents moving down the basin slope. 

An alternation between environments with general supercritical-flow 

conditions to environments with general subcritical-flow conditions is recorded in the 

channel and interfan environment. This alternation could be associated with the 

presence of obstacles on the seafloor, increased confinement, or episodic tectonic 

activity that increases the slope gradient (periodic uplift of the Boltaña Anticline). 
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Chapter 9  
 
 

CONCUSIONS & FUTURE RESEARCH 

 

 

 

9.1 Research achievements 

 

• 25 detailed bed-scale sedimentary logs, including descriptions and 

hydrodynamic interpretations of >7,500 beds in submarine canyon, and 

submarine channel-and-related deposits in the Ainsa Basin. 

• 25 detailed bed-scale sedimentary logs, including descriptions and 

hydrodynamic interpretations of >9,400 beds in the submarine lobe-and-related 

deposits in the Jaca Basin. 

• A revised geological map of the deep-marine depositional systems in the Jaca 

Basin that shows depositional environments such as the lobe-axis, lobe off-axis, 

lateral- and distal-fringes parts of the four submarine lobe-and-related systems. 

• The development of a classification for facies association related to SFDs, 

including 6 facies associations divided into two groups: erosional supercritical-

flow bedforms and depositional supercritical-flow bedforms. 

• A qualitative analysis of the distribution of both erosional- and depositional 

supercritical-flow bedforms  linked with their depositional environments in: (i) a 

lateral axis to off-axis direction, from channel-axis to channel-margin sites in the 

Ainsa Basin, and from lobe-axis to lobe lateral-fringe sites in the Jaca Basin; (ii) 

a longitudinal, proximal-to-distal, direction from mid-slope environments to the 

proximal basin-floor environments of the Ainsa Basin, and from the lobe 

proximal-axis to the lobe distal-fringe sites in the Jaca Basin, and (iii) from the 
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submarine canyons/channels of the Ainsa Basin to the submarine lobe-and-

related deposits in the Jaca Basin. 

• A quantitative analysis of the distribution of SFDs based on the percentages 

calculated for each sedimentary log measured in contrasting depositional 

environments, e.g., in (i) a lateral (axis to off-axis) direction from channel-axis 

to channel-margin sites in the Ainsa Basin, and from lobe-axis to lobe lateral-

fringe sites in the Jaca Basin, and in (ii) a proximal-to-distal (longitudinal) 

direction from the mid-slope environments to the proximal basin-floor 

environments in the Ainsa Basin, and from the lobe proximal-axis to the lobe 

distal-fringe sites in the Jaca Basin, and (iii) from the submarine 

canyons/channels in the Ainsa Basin, to the submarine lobe-and-related deposits 

in the Jaca Basin. 

• Identifying the different parameters that likely controlled the distribution of 

SFDs in deep-water environments and, therefore, the architecture and evolution 

of the submarine fans.  

• Define the recognition criteria for SFDs from core observations based on both an 

analysis of 65 discrete sandstone beds, and high-resolution core images from the 

wells A1, A2, A3, A4, A5, L1 and L2. 

• Qualitative and quantitative analysis of the distribution of SFDs in the cores 

drilled through the Ainsa System, and a comparison with their associated 

depositional environments. 

 

9.2 Conclusions 

 

9.2.1 Facies association classification related to SFDs 

 

From 11-months of fieldwork and the analysis of more 16,900 beds in the submarine 

fans of the Ainsa and Jaca basins, a large range of sedimentary structures, bedforms 

and deposits are interpreted as likely deposited under supercritical-flow conditions. 

From field observations, six facies associations related to supercritical-flow SGFs 

have been identified and binned into two categories: 

(i) Erosional supercritical-flow bedforms associated with metre- and 

centimetre-scale scour-and-backfilling structures, interpreted as candidate large-scale 
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and small-scale cyclic steps, respectively. These bedforms are commonly observed in 

relatively confined settings such as mid- to lower-slope environments (Fig. 9.1). 

(ii) Depositional supercritical-flow bedforms related to upflow-dipping 

sandstone lenses, upflow-stacked wavy bedforms, upflow-stacked sigmoidal 

bedforms, and plane bed interpreted as unstable and stable antidunes and upper-flow 

regime plane beds. These bedforms are commonly observed in intrachannel sites in 

relatively unconfined settings, such as base-of-slope, proximal basin-floor and lobe 

environments (Fig. 9.1). 

 

In the case of poor exposure, or a high degree of weathering, sedimentary structures 

formed under supercritical-flow conditions were identified, such as (i) planar-parallel 

lamination commonly associated to the Tb division of the Bouma sequence, (ii) 

backset lamination ordinally related to antidune deposits, and (iii) traction carpets 

associated with structureless sandy deposits. 

 

 

 
Figure 9.1: Schematic model summarising the facies association classification related 
to SFDs. 
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9.2.2 SFD distribution depending their depositional environments 

 

The study of the relative proportion of SFDs is shown to be an important tool for an 

improved the understanding of the likely flow dynamics in deep-water siliciclastic 

systems. 

A qualitative (descriptive) analysis of the distribution of SFDs shows that 

erosional coarse-grained supercritical-flow bedforms appear to be mainly located in 

channel-axis sites, in relatively high-gradient and in confined-basin settings. 

Depositional fine-grained supercritical-flow bedforms are more common in low-

gradient slopes, and relatively unconfined settings. In the Ainsa Basin, erosional 

coarse-grained supercritical-flow bedforms appear to be abundant at the base of 

channels and could provide evidence for the first step of channel initiation. In contrast, 

depositional fine-grained supercritical-flow bedforms appear to be more common in 

the upper part of the channel fills, and could be linked to the progressive channel 

infilling processes. 

A quantitative analysis of the distribution of SFDs shows that they vary with:  

(i) Axial–lateral changes. A decrease in the proportion of SFDs from channel-axis to 

channel-margin environments, can be linked with a decrease in flow strength and 

velocity away from the channel axis. There is no particular change in the distribution 

of SFDs in an axial-lateral direction in the submarine lobe-and-related deposits in the 

Jaca Basin. 

(ii) Proximal-to-distal changes. (1) There is an increase in the proportion of SFDs from 

the older Gerbe System (mid-slope, coarsest-grained fans), to the Banastón System 

(proximal basin-floor environment), and to the younger Ainsa System (lower-slope 

environments with the relatively finest-grained fans of all three systems) in the Ainsa 

Basin. (2) Only a small decrease in the proportion of SFDs is observed from the lobe-

axis to the lobe-fringe sites in the Jaca Basin. (3) An abrupt decrease in the distribution 

of SFDs occurs at the channel-lobe transition zone, observed between the proximal 

basin-floor environments of the Banastón System (Ainsa Basin) to the lobe-axis 

environments of the Broto System (Jaca Basin), likely due to the occurrence of 

hydraulic jumps at the break-of-slope in the Ainsa Basin. 
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9.2.3 Parameters controlling the SFD distribution 

 

Based on the analysis of the spatial distribution of SFDs, three parameters are 

recognised as likely controlling the flow criticality. The parameters that appear to have 

had the greatest impact on the flow criticality (i.e., whether or not a flow is 

supercritical or subcritical), are the relative confinement of a sandbody, the seafloor 

gradient, and the basin geometry.  

In some cases, the distribution of SFDs and distribution of fine-grained 

sandstones appears to be correlated, but any apparent genetic association between the 

proportion of SFDs and grain size is likely coincidental and related to preservation 

potential.  

Tectonic activity, such as the growth of the Mediano, Boltaña, and Añisclo 

anticlines in the Ainsa Basin, and the southern propagation of the thrust system and 

episodic large-scale collapses of the northern and southern carbonate margins 

(tectonic induced) in the Jaca Basin, have played an important role in fashioning the 

seafloor topography and the basin geometry, thereby impacting on the criticality of 

any flows. 

It is challenging to identify which of the above parameter plays the most 

important role on the distribution of SFDs. From this PhD research, it appears that the 

relative confinement can affect the flow thickness and velocity and therefore, the flow 

criticality in different ways. A decrease in flow confinement will produce a decrease 

in flow thickness and decrease in flow velocity. An increase in flow confinement will 

induce an increase in flow thickness and velocity. There is a trade-off between flow 

thickness and velocity as both impact the Fr. A progressive decrease in confinement 

between sandbodies, such as the progressive decrease in confinement observed from 

Banastón I to VI sandbodies, will induce a thinner and slower flow and an increase in 

Fr is observed. An abrupt increase in confinement, such as observed in the distal lobes 

of the Jaca Basin, will increase the flow velocity (Bernoulli effect) inducing an 

increase in the Fr. However, the flow will gradually vertically expand, thus increasing 

the flow thickness progressively and decreasing the Fr.  

A trade-off between the confinement of sandbodies, the slope gradient and the 

basin geometry, likely all played a significant role in determining the preservation 

potential of supercritical-flow bedforms. 
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In this study, it proved possible to reconstruct the evolution of the submarine-

fan architecture both in the Ainsa and Jaca basins not only from the observation of the 

different types of supercritical-flow bedforms, but also from the interpretation of the 

distribution of SFDs depending their depositional environments. However, in the case 

of the submarine lobe-and-related deposits in the Jaca Basin, it was necessary to 

undertake an analysis of the bed-thickness and grain-size distribution in order to 

improve the understanding of the Jaca-basin lobe architecture. Therefore, in some 

circumstances, analysis of the distribution of SFDs alone was not sufficient and must 

be complemented by additional analyses, such as bed-thickness, grain-size or facies 

distribution in order to provide a better model to predict and reconstruct the 

submarine-fan initiation and evolution. 

 

9.2.4 SFDs in cores 

 

From a detailed analysis of 65 discrete sandstone beds and high-resolution core 

images, three recognition criteria for SFDs in core have been defined: (i) centimetre-

scale scours associated with structureless deposits, mudclast and flame structures, are 

interpreted as evidence for hydraulic-jump deposits; (ii) backset lamination interpreted 

as antidune deposits, and (iii) planar-parallel lamination, interpreted as upper-plane 

beds (FA4), or as the Tb division of the Bouma sequence, depending on the proportion 

of planar-parallel lamination in the bed. 

Two groups of depositional environments have been defined based on the 

proportion of SFDs in beds: (i) sandstone beds with >50% of SFDs indicating an 

environment with generally supercritical-flow conditions, and (ii) sandstone beds with 

<50%, suggesting environments with generally subcritical-flow conditions. An 

alternation between environments with mostly supercritical-flow conditions and those 

with generally subcritical-flow conditions, observed in the channel-axis and interfan 

environments, could be linked with the presence of obstacle on the seafloor (e.g., 

MTDs / MTCs), increased confinement, and/or the role of episodic tectonic activity 

increasing the seafloor/slope gradient. 

No unambiguous relationship between the distribution of SFDs and 

depositional environments, such as channel-axis, off-axis, channel-margin and 

interfan environments, was identified in this study. However, there is a surprisingly 
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high proportion of SFDs in interfan environments that could be explained by high-

velocity SGFs or by the action of exceptionally large unconfined SGFs travelling 

down the basin slope. 

 

 

9.3 Exportability of analysis 

 

The results of this research should contribute to a better understanding of Earth-surface 

processes in deep-water environments. Until this study, the majority of deep-water 

systems have been described using the Bouma (1962) sequence, the Lowe (1982) or 

the Mutti (1992) models for beds. However, it now seems that many of these systems 

cannot be adequately described using these models. This study provides a new facies 

classification related to flow processes that could be applied to a large range of deep-

water submarine-fan environments. 

This study demonstrates the power of flow-process analysis as a tool in 

characterising submarine fan environments, something that has been underestimated. 

This research shows that the analysis of SFDs and their distribution helps to improve 

the understanding of the morphodynamics of submarine fans, e.g., their initiation and 

evolution. So far, the academic scientific community has mainly focussed on the 

analysis of SFDs using numerical modelling, flume-tank experiments and direct 

observations on the modern seafloor. This research is a first step in the recognition of 

SFDs in ancient deep-water deposits, complementing studies using others types of 

methods (numerical modelling, flume experiments, etc). It also should demonstrate to 

the academic community that, based on the interpretation of flow-processes related 

deposits, it is possible to reconstruct submarine-fan geometry and its architecture 

evolution. Not only is such an analysis helpful for the research community, but also 

for the hydrocarbon industry, as it should provide better constraints on the architecture 

of deep-water submarine-fan environments, permitting the prediction of 

sedimentological aspects of submarine systems, e.g., the architecture and porosity-

permeability relationships for both the reservoir (e.g., high porosity, high permeability 

sand) and the seals (low-porosity, low-permeability), and, therefore, help in reducing 

uncertainty in reservoir modelling. 
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Finally, the Ainsa and Jaca basins provide world class outcrops that have been 

extensively studied and visited by students, academics and hydrocarbon industry 

personnel, all attempting to better understand various concepts in sedimentology and 

stratigraphy. The 50 detailed sedimentary logs measured in the Ainsa and Jaca basins 

provide an opportunity for students, academic and industry personnel to revisit and 

reinterpret the outcrops of the Ainsa and Jaca basins in term of hydrodynamic 

processes. 

Furthermore, this research has provided the first detailed map of the 

depositional environments in the Jaca Basin, including lobe-axis, lobe off-axis, lateral 

and distal lobe-fringe sites. 

 

 

9.4 Recommendation for future work 

 

Until additional similar studies are conducted in other ancient deep-water depositional 

systems, it will not be possible to have a better understanding of the typical percentage 

values for SFDs to characterise the different depositional environments of a submarine 

fan. This study is, therefore, a first step in the recognition and evaluation of SFDs in 

ancient deep-marine environments. More work is required to understand the 

mechanics of sediment gravity flows. From this PhD research several questions arise 

such as: 

 

• How common are SFDs, as documented in this research, in other deep-water 

systems and within different basin settings from those of the Ainsa and Jaca 

basins (e.g., with different basin widths and lengths, slope gradients, and/or water 

depths). 

• How important is the influence of grain size on the formation and evolution of 

supercritical-flow bedforms and their associated sedimentary structures? 

• How important is it to take into account the preservation potential of SFDs in 

understanding the distribution of SFDs? 

• Which (if any) parameter (confinement, seafloor gradient and basin geometry) 

exerts the most significant control on the proportion and distribution of SFDs in 

deep-water sedimentary environments? 
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• How should we evaluate the difference in scale between structures observed in 

ancient and modern deep-water systems, and the structures obtained from flume-

tank experiments? 

• What are the typical values for Fr, flow density, ambient fluid, flow depth in any 

ancient deep-water [submarine] fan? 

 

Based on field observations only, the above questions are challenging to address. 

There is, therefore, a need to combine field observations and measurements with 

results from flume experiments and numerical modelling, and with observation of 

SGFs and their deposits in modern systems. 
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