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[…] How many years can a mountain exist 

before it's washed to the sea? [...] 
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PREFACE AND AKNOWLEDGEMENTS 

"un petit tribut a aquelles persones que n'han format part" 
"un pequeño tributo a todas aquellas personas que han formado parte de esto" 

"a small tribute to all those who have been part of this" 
 

"Una tesi és això, res més que una tesi. La redacció de la memòria que plasma la feina feta 

durant 4 anys és difícil, tot doctor que hi hagi passat ho sap, i més difícil encara és aconseguir 

que aquesta memòria reflecteixi les idees del que la escriu, tot allò que se suposa que s'ha 

d’haver après, i totes aquelles coses que el científic en potència que és el redactor llega a la 

ciència tot presentant les dades que ha obtingut. No és fàcil. Ningú ha dit que ho sigui. 

La sedimentologia és una branca de la geologia complexa. Amb això no vull dir que les altres 

branques no ho siguin, simplement no les he tractat amb suficient profunditat com per exercir 

un judici de valor. No cal. Tinc la sensació que estic al començament, i així ha de ser, d’una 

carrera que em portarà a descobrir dia a dia la complexitat de la nostra disciplina i lo 

insignificants que som en el registre geològic del qual també en formem part, en certa manera, 

si és que no en soc conscient ara.  

Aquests anys de plena dedicació a la recerca en el camp en el que s’emmarca aquesta tesi 

m’han ensenyat a respectar la feina dels altres, respectar l’entorn on treballem, a les persones 

que en formen part sense saber-ho, i que en moltes ocasions han estat partícips de la meva 

eufòria i de la meva desesperació, que no ha estat poca. A tots ells, gràcies. He conegut 

persones fantàstiques, m’he desenganyat, he descobert els pros i els contres de la feina que 

fem, i amb tot i amb això, vull continuar endavant. Venen temps difícils, però compto amb el 

suport de tots aquells que ja han estat al meu costat i dels que estan per venir. M’endinso en 

la cursa del coneixement, a la recerca de la meva vida, tot fent allò que més m’agrada fer: 

geologia de camp. El camp et manté en contacte amb el medi natural, tant l’actual com el 

fòssil, i en la feina que nosaltres desenvolupem el treball de camp és tan vital com ho som 

nosaltres mateixos. El camp et castiga, et maltracta, però et premia l’esforç, i sempre t’espera, 

pacient, a que hi tornis; a que tornis a passar per aquell marge del camí, per aquell barranc 

oblidat, per aquelles pedres que tant estranyes et van resultar el primer dia, i que no obstant, 

ara ja són roques d’allò més familiars. El camp es casa nostra, en ell tornem dia rere dia, 

perquè la ciència avança, i nosaltres som científics."  

Miquel Poyatos-Moré 
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"Una tesis es eso, nada más que una tesis. La redacción de la memoria que plasma el trabajo realizado 

durante 4 años es difícil, todo doctor que haya pasado por ello lo sabe, y más difícil aún es conseguir que 

esta memoria refleje las ideas del que la escribe, todo lo que se supone que se debe haber aprendido, y 

todas aquellas cosas que el científico en potencia que es el redactor lega a la ciencia presentando los 

datos que ha obtenido. No es fácil. Nadie ha dicho que lo sea. 

La sedimentología es una rama de la geología compleja. Con esto no quiero decir que las otras ramas no 

lo sean, simplemente que no las he tratado con suficiente profundidad como para ejercer un juicio de 

valor. No es necesario. Tengo la sensación de que estoy al comienzo, y así debe ser, de una carrera que 

me llevará a descubrir día a día la complejidad de nuestra disciplina y lo insignificantes que somos en el 

registro geológico del que también formamos parte, en cierto modo, si es que aún no soy consciente 

ahora. Estos años de plena dedicación a la investigación en el campo en el que se enmarca esta tesis me 

han enseñado a respetar el trabajo de otros, respetar el entorno donde trabajamos, a las personas que 

forman parte de él aún sin saberlo, y que en muchas ocasiones han sido partícipes de mi euforia y de mi 

desesperación, que no ha sido poca. A todos ellos, gracias. He conocido personas fantásticas, me he 

desengañado, he descubierto los pros y los contras del trabajo que hacemos, y a pesar de todo ello, 

quiero seguir adelante. Vienen tiempos difíciles, pero cuento con la ayuda de todos aquellos que ya han 

estado a mi lado y los que están aún por venir. Me adentro en la carrera del conocimiento, en busca de 

mi vida, haciendo lo que más me gusta hacer: geología de campo. El campo te mantiene en contacto con 

el medio natural, tanto el actual como el fósil, y en el trabajo que nosotros desarrollamos el campo es 

tan vital como lo somos nosotros mismos. El campo te castiga, te maltrata, pero te premia el esfuerzo, y 

siempre te espera, paciente, a que vuelvas, a que vuelvas a pasar por aquel margen del camino, por 

aquel barranco olvidado, por aquellas piedras que tan extrañas te resultaron el primer día, y que no 

obstante, ahora ya son rocas de lo más familiares. El campo es nuestro hogar, en él volvemos día tras 

día, porque la ciencia avanza, y nosotros somos científicos." 

 

 

"A thesis is nothing but simply a thesis. The writing up of a dissertation that must show the work 

performed along 4 years is difficult, all doctors who passed through this period know it, and even harder 

is to make this thesis reflect the ideas of the writer, all which is supposed to be learned, and of course all 

data and theories that the potential scientist aims to legate to science by presenting the results obtained 

from his research. This is not easy. Nobody said so. 

Sedimentology is a complex branch of Earth Sciences. I don't pretend to say the rest of geologic 

disciplines are easier, I've not been enough in contact with them to allow a value judgment. It doesn't 

make any sense. I have the feeling that I'm just beginning a scientific career that will lead me to discover 

day by day the complexity of our work and how insignificant we are within the geological record, where 

we somehow belong, if I'm not aware of it yet. These years of total dedication to research concerning the 

field of knowledge where this thesis is contained have allowed me to learn how to respect the work done 

by others, respect our working environment, as well as all people forming part without knowing it, 

people who have been in many occasions partakers of both my euphoria and despair, which has not been 

easy. To everyone, thanks. I met great people, I was also disappointed, I discovered the pros and cons of 

the work we do, and despite all, I want to carry on. Hard times are coming, but I hope the support of all 

those who have been by my side and those still to come. I plunge into the race for knowledge, looking for 

my life, doing what I like to do: field geology. The field keeps you in touch with the environment, both the 

modern and ancient, and in the task we develop fieldwork is so vital as ourselves. Fieldwork punishes 

you, abuses you, but it rewards your effort, always waiting patiently for you to get back and pass again 

through that side of the road, in that forgotten ravine, looking at those strange stones in the first days, 

which have been however converted in familiar rocks somehow. The field is our home, we go back there 

day after day, because science advances, and we're scientists." 
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SUMMARY 

The analysis of sedimentology, geometry and trajectory of successive deltaic clinoforms in 

outcrop-based studies or in high-resolution reflection seismic datasets has been widely 

employed as a tool to infer relative sea-level changes and to interpret short and long-term 

factors controlling basin margin evolution and timing of coarse-grained sediment delivery from 

continents to oceans (e.g., Steel and Olsen 2002; Saller et al., 2004; Bullimore et al., 2005; 

Johannessen and Steel, 2005; Hadler-Jacobsen et al., 2007; Ryan et al., 2009). Sea-level 

(accommodation) and sediment supply-driven models (Steel et al., 2008) have been developed 

mainly on large-scale seismic data, with less focus on sedimentary facies analysis and inferred 

depositional processes in operation at different positions along individual clinothems, and how 

these process change with trajectory and time.  

The Castissent sequences: an example of flood-dominated deltaic system in a tectonically 

active margin. 

The Lower Eocene Castissent depositional sequences (Castissent Group, South-Central 

Pyrenees, Spain) mainly consist, in the Ainsa basin, in mouth-bar deposits and delta front 

sandstone lobes in transition to slope turbidites, deposited in a flood-dominated river-delta 

system. Deposition of these bodies was strongly controlled by the interaction between 

continental-derived hyperpycnal flows, the influence of shoreline processes over these flows 

and the local and regional tectonic activity, whose syn-sedimentary thrust-and-fold kinematics 

has not been explained in enough detail yet. 

The Castissent depositional sequences consist of two major units, named Castissent-1 (Cs-1) 

and Castissent-2 (Cs-2). Both sequences comprise flood-dominated fluvio-deltaic strata in the 

Àger-Tremp-Graus thrust-top basin, and their genetically related turbidite systems in the 

Ainsa-Pamplona foredeep. These latter deep-marine systems are known as the Fosado-Torla 

(Cs-1) and the Arro-Broto (Cs-2) turbidite systems. This work is based on detailed mapping and 

logging, to perform a sedimentary facies analysis of the strata of the Cs-1 and Cs-2 sequences, 

and aims to unravel the control of both hyperpycnal flows and tectonic activity on the 

transition from shelf to slope settings. Since this transition took place in the boundary between 

a thrust-top and foredeep depocenters, regional thrust systems with some minor local 

structures controlled both shelf-edge configuration and sediment dispersal patterns. 

In the study area, Cs-1 and Cs-2 are made of at least 9 lower order depositional units (C1-C9), 

with the lower ones being characterized by a basal sandy turbidite wedge passing upwards to 
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an interval of mud and silt interbedded with thin-bedded turbidites (C1-C3). Each one of these 

lower wedges is interpreted to be related with a different slope channel-levee system, and all 

of them stack forming a slope fan succession. The basal slope turbidite wedges are 

characterized by a progressive backfilling pattern, which is thought to be typical from the final 

infilling stages of a Type III turbidite system in the sense of Mutti (1985). This pattern would 

terminate in Unit C3, with the presence of the last major slope turbidite channels. The next 

units (C4-C8) are characterized, in turn, by a mud-dominated prodeltaic wedge passing 

vertically to an interval of delta front sandstone lobes, and then to mouth-bar deposits in the 

most proximal zones of the study area. These five units would represent two prograding 

deltaic complexes (C4-C5, and C6), separated by a sequence boundary (intra-Castissent 

unconformity), and followed by a dominantly backstepping deltaic succession (C7-C8). Finally, 

a last slightly prograding sequence (C9) has been recognized on top of the succession, although 

strongly influenced by a northern-sourced alluvial supply from the Santa Liestra fan delta. 

Each one of these units is composed by their own facies associations and related facies tracts, 

which are created by the downcurrent evolution of different types of sediment-laden gravity 

flows entering sea-water, and their relative hyperpycnal flows. Deposits from the evolution of 

these flows constitute mouth-bars, delta front sandstone lobes and slope turbidites. The 

influence of shoreline processes is mainly present in the upper Cs-1 units (C4-C5), where the 

transition from flood-dominated mouth-bars to delta front sandstone lobes, occur through 

some intermediate facies characterized by different types of combined-flow structures 

(hummocky cross-stratification in most of cases). Transition from deltaic lobes to slope 

turbidites is given by the downcurrent evolution of relatively-diluted hyperpycnal flows, 

combined with remobilization of shelf sediments showing different degrees of liquefying 

processes. 

Liquefaction and associated remobilization of soft-sediment is considered to be a combination 

of loading, wave bumping, seismic vibration and a tectonically-triggered oversteepening close 

to the shelf-edge. It can be demonstrated that shelfal hyperpycnal flow deposits are 

genetically related to slope turbidites, although they are not the only triggering mechanism for 

sediment to be deposited beyond the shelf break. Other deposits, related with soft-sediment 

deformation processes observed in delta front and slope settings, may be interpreted as 

seismites, as they appear clearly related with activity of local thrusts, and thus can be used as 

key correlatable beds. Deformed sediments can range in scale and rheological type from creep 

units to cohesive debris flow and sandy mud-flow beds, showing evidences which suggest that 

they result from mass flows undergoing several transformations during their movement 
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downslope. These “surge-type” flows are potentially able to evolve into low-density turbidity 

currents, building part of the slope strata, and being responsible for the formation of slope 

conduits or gullies. However, they are thought to play a minor role and therefore hyperpycnal 

flows associated to river floods provide the most significant volume of turbidites to base-of-

slope settings.  

Field mapping and correlation of high-frequency cycles show that they can be considered 

deltaic clinothems bounded by clinoform surfaces (their sigmoid bounding unconformities) 

whose formation is strictly controlled by tectonics. These high frequency tectono-sedimentary 

units allow deciphering not just the shelf-edge architecture, but also the high frequency 

relationships between the shelf domain and turbidite systems, as well as the timing of 

different thrusts affecting shelf-margin deposition in active settings. 

 

Other deltaic studies in different settings: clinoform trajectory analysis vs process regime in 

passive shelf margins. 

High resolution seismic profiles tied to cored and dated boreholes data provide a means to link 

the depositional architecture (clinoform trajectory) to sediment dispersal processes and 

patterns. IODP Expedition 313 cored a set of Miocene clinothems offshore New Jersey to 

capture a complete record of sea-level change through integration of seismic stratigraphy, 

core and well logs, and chonostratigraphy. In the Expedition 313 dataset, this analysis can be 

performed over successive clinothems, with the assessment of sedimentary facies and 

process-based interpretations of environments of deposition down a single clinothem. 

The work presented in these notes aims to identify the main sedimentary processes and 

environments of deposition preserved at clinoform rollover (shelf-edge), clinoform slope, and 

clinoform toe-of-slope positions, and if the rollover process regime is more important than 

clinoform trajectory in the timing of coarse-grained sediment delivery to bottomsets (Poyatos-

Moré and Hodgson, 2012; Hodgson et al., in prep.). A discussion is offered about whether the 

changes in clinoform trajectory and sedimentology are regional (allogenically driven) or if they 

reflect lateral variability. Facies interpretation of the New Jersey margin clinothems allows 

considering that topset deposits are dominated by shoreface-to-offshore facies associations, 

and rollover deposits are either wave- or fluvial-dominated. Typically, where the rollover is 

wave-dominated there is little coarse-grained sediment in the toesets. However, those 

bottomsets related to fluvial-dominated rollovers are dominated by coarse-grained turbidites 

and debrites beyond the shelf-edge.  
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Seismic interpretation and core data analysis suggest that the distribution of coarse sediment 

does not correlate with clinoform trajectory. There is no evidence of deep shelf incision by 

fluvial channels suggesting a wide distributive supply system that fed sediment downslope to 

form a gullied apron or coalesced fans. The direct relationship between river-dominated 

rollovers and sandy bottomsets, suggests that process regime in the shoreline controlled the 

transfer of sediment from topsets to bottomsets on the New Jersey margin during the 

Miocene, even at times of rising relative sea-level. 

Furthermore, subsurface-based studies like the New Jersey margin commonly treat 

accommodation and sediment supply as a 2D problem, by analyzing a margin profile parallel to 

the main sediment route. The results of this work have been compared with the lower 

Waterford Formation (Karoo basin, South-Africa), which provides a 3D outcrop-based case 

study of an exhumed shelf-to-slope system that allows the identification of clinoform rollover 

positions and depositional facies associations along three depositional dip profiles (Jones, 

2013; Jones et al., 2013a and b). These parallel basin margin profiles of the lower Waterford 

Formation show all broadly similar trajectories, although with a significant along-margin 

variability. To the south, a wide shelf inhibited sand supply to the slope, even in river-

dominated conditions; 20 km-north along the basin margin, consistently higher sediment 

supply combined with a narrower shelf enhanced long-term sand supply to the slope in three 

clinothems (WfC 3, 4 and 5), even with a strong wave and storm-dominated process regime.  

Thus, strike variability in basin margin physiography strongly affects sediment dispersal 

between shelf, slope and basin floor settings and it must be therefore considered together 

with process regime as a key controlling factor when attempting stratigraphic predictions of 

sediment bypass in shelf-margin successions. 
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1. INTRODUCTION  

 

1.1. Overview 

The last years of stratigraphic and sedimentological research in clastic basin margins have 

provided evidences that point out the constant need to revisit classical and conventional 

depositional models, often excessively tied to stationary conditions and perspectives. Once the 

sensible variation of systems in response to intra- and extra-basinal controlling factors has 

been demonstrated and assumed, it is now the time to understand and suggest new models 

oriented from a genetic and dynamic point of view. The genetic approach applied in 

sedimentary research becomes especially crucial when trying to apply sedimentary concepts to 

exploration and production of natural resources, prevision of coastal dynamics and prevention 

and action against versus natural hazards. The framework in which the research of these notes 

is contained can be therefore seen as a modest contribution in order to document and provide 

new sedimentary insights and dynamic depositional models in deltaic basin margins, both in 

active and passive settings, under a genetic perspective and with a predictable aim to prevent 

risks. In the next short sections, these notes will explore and review some of those terms and 

nomenclature that will be used in the following chapters. 

 

1.2. The shelf-to-slope transition: a key interphase 

High-resolution seismic databases showing the shelf-to-slope transition along a continuous dip 

profile have increased significantly our knowledge about the architecture and evolution of 

basin margins (Saller et al., 2004; Johannessen and Steel, 2005; Ryan et al., 2009) (Figure 1-1). 

Outcrop-based analogue studies in ancient shelf margin accumulations can provide a detailed 

information on facies, sedimentary processes and stratigraphic patterns preserved along the 

shelf-to-slope transition (Mellere et al., 2002; Johannessen and Steel, 2005; Carvajal and Steel, 

2006; Løseth et al., 2006; Uroza and Steel, 2008; Covault et al., 2009; Wild et al., 2009; 

Hubbard et al., 2010; Jones et al., 2013a). Commonly, basin-fill successions pass vertically from 

basin floor to deltaic deposits, through submarine slopes, and therefore pass through the 

shelf-edge zone (e.g., Collinson et al., 1991; Flint et al., 2011; Romans et al., 2011). However, in 

those cases where the transition of time equivalent slope to shelf deposits cannot be 

physically established, a possibility remains that the stratigraphic transition does not record 

comparable slope and shelf systems, and thus deductions and conclusions can be misleading 

and induce serious interpretation errors (Figure 1-2). 
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The physical transition between shelf and slope is easily assessable in seismic images, 

considerably reduced horizontally and exaggerated vertically, where this changing gradient 

zone is known as the shelf-margin or clinoform rollover (Suter and Berryhill, 1985; Sydow and 

Roberts, 1994; Kolla et al., 2000; Hiscott, 2001; Pinous et al., 2001; Krassay and Totterdell, 

2003; Houseknecht et al., 2009; Ryan et al., 2009). Identifying the shelf-edge zone in outcrop, 

however, entails a highly demanding challenge due to the absence of vertical exaggeration, 

used in seimsic interpretation, and thus the clinoform rollover becomes more a subtle and 

relatively complex transition zone, which can even reach several km in some cases, rather than 

a specific point or strike line to the main sediment supply path (Jones et al., 2013a). Outcrop 

examples where the transition from shelf to slope can be documented and physically linked 

are rare, normally due to the extension constrains of these particular outcrops (Mellere et al., 

2002; Deibert et al., 2003; Johannessen and Steel, 2005; Carvajal and Steel, 2006; Uroza and 

Steel, 2008; Covault et al., 2009; Wild et al., 2009; Hubbard et al., 2010; Remacha et al., 2011). 

 

Figure 1-1. Synthetic sketch showing the importance of the shelf-to-slope transition due to its role in 
helping to understand basin margin development and how sediment is partitioned between shelf, slope 

and basin floor settings (after Jones et al., 2012). 

 

Although different types of shelf parasequences have been documented (e.g., Edwards et al., 

2005, Poyatos-Moré and Hodgson, 2012), successive clinoform rollovers normally show similar 

processes in response to a gradient increase (Mellere et al., 2002; Pyles and Slatt, 2007; Dixon 

et al., 2012). Sedimentology and stratigraphy of the shelf-to-slope transition are highly variable 

according to the basin fill and structural setting, depending on the dominant process regime, 

either fluvial-, wave-, -tidal- or deformation-dominated (Johannessen and Steel, 2005), or even 

a combination of all them (Ainsworth et al., 2011). 
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Shelf-margin clinoforms documented in outcrop typically belong to small-scale (100's m-long 

clinoforms), high gradient (3-6°) and high amplitude systems, as for example the Eocene 

Central Basin of Spitsbergen (Mellere et al., 2002; Steel and Olsen, 2002) or the Sobrarbe 

Delta, in the Eocene South Pyrenean Foreland basin (Dreyer et al., 1999; Gawthorpe et al., 

2000). However, there are still few seismic-scale examples (km-high clinoforms) documented 

in outcrop studies (Covault et al., 2009; Hubbard et al., 2010), and large-scale and low gradient 

(<1°) shelf margin systems still remain poorly understood, with just few documented outcrop 

examples in the Karoo basin (Wild et al., 2009, Jones et al., 2013a and b). 

 

 

Figure 1-2. Summary of advantages and limitations in outcrop-based versus seismic-based studies of the 
shelf-to-slope transition (modified after Jones et al., 2012). 

 

1.3. Fluvio-deltaic systems in active margins: the Castissent sequences 

The renewed interest focused on the fluvio-deltaic sedimentation in tectonically-active basins, 

and especially the role played by catastrophic river floods and their associated hyperpycnal 

flows in these type of settings (Milliman and Syvitski 1992; Mulder and Syvitski 1995; Mutti et 

al., 1996; 2000; Wheatcroft 2000; Martini et al., 2002; Mutti et al., 2003; 2007; Tinterri, 2007) 

has led to a more detailed study and re-examination of concepts related to these type of shelf-

margin deltaic sedimentation. Particularly, it has been suggested that many ancient flood-
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dominated basin margins, in tectonically-active settings, are mainly built by series of fan-delta 

or river-delta depositional systems (Mutti et al., 1996; 2000).  

 

 

Figure 1-3. Elements, basic facies types and inferred depositional processes of flood-dominated river-
delta systems (after Mutti et al., 1996). 

 

After Mutti et al. (1996, 2000, 2003), fan-delta systems consist in residual gravel bars and 

coarse-grained delta front sandstone lobes with hummocky cross stratification (HCS), that 

deposit by different transformations undergone by inertia density flows when these enter a 

standing body of water, either in a sea or a lake. River delta systems, on the contrary, are 

mainly characterized by coarse-grained mouth-bar deposits, where traction structures 

predominate, and finer-grained delta front sandstone lobes with a range of different HCS 

structures, that would deposit by sediment-laden stream flows entering a standing body of 

water (Figure 1-3). This approach has led to suggest that, for example, shelf deltas of the 

Castissent depositional sequences (South-Central Pyrenees, Spain) can be interpreted as series 

of marine river-dominated deltas occasionally inter-bedded with fan-delta deposits, all 

strongly-influenced by shoreline processes, and deriving from hyperpycnal flow sedimentation 

related with fluvial discharges during river-flood periods, when these flows entered the sea 

(Mutti et al., 1996; Poyatos-Moré, 2009; Boya, 2011, Remacha et al., 2011) (see Figure 1-4). 
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Figure 1-4. Location map (A) and stratigraphic cross section (B) of the lower Eocene Castisent Group 
(south-central Pyrenees) between the Isábena Valley and the Charo region. The cross section shows 

the relationships between different elements of a flood-dominated river-delta system. The correlation 
pattern depicts the basinward transition from river and flood plain deposits, in the east (section 1), to 
marginal-marine sediments mainly characterized by mouth-bar deposits (section 2), and eventually to 

shelf and slope sediments in the west (sections 3 and 4). After Mutti et al. (1996). 
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This basin-scale unit coincides with one of the most important clastic supplies in the Eocene 

succession of the Pyrenean foreland basin and is one of the best examples of flood-dominated 

fluvio-deltaic sedimentation of the South-Central Pyrenees. It is characterized by well-exposed 

outcrops with an important lateral and vertical continuity, which allow considering the 

Castissent deltas as a very interesting outcrop analogue for the development of advanced 

sedimentological models of tectonically-controlled shallow-marine systems (Figure 1-4).  

1.4. Hyperpycnal-flow sedimentation: the rivers under the sea 

Over the past 10 years, it has been found a growing importance of hyperpycnal flows in marine 

sedimentation, with their key intervention in the formation of hydrocarbon reservoirs. These 

types of flows, defined firstly by Forel (1892), are a variety of sediment gravity flows, 

sustained-type and non-uniform, which form when a fluvial sediment-laden stream flow enters 

a standing body of water (either a lake or a sea), less dense (Mulder and Syvintski, 1995; 

Mulder and Alexander, 2001a; Plink-Björklund and Steel, 2004; Bhattacharya and MacEachern, 

2009) (Figure 1-5). The differential concentration provided by the sediment load of the effluent 

is the most determinant factor controlling dynamics of these flows. 

 

 
 

Figure 1-5. Comparison between hypopycnal (A, inflow density < seawater density) and hyperpycnal (B, 
inflow density > seawater density) flows, from the original concept of Bates (1953). Note that in the case 
of the hyperpycnal flow, the fluvial discharge plunges under the standing body of sea water, continuing 
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its movement as a quasi-steady underflow. Panel B redrawn from the pioneer work of Knapp (1943). 
Slightly modified from Zavala et al. (2011). 

 

Recent evidences indicate that the importance of hyperpycnal flows and their associated 

deposits in the sedimentary record is more important that considered several years ago 

(Mulder et al., 2003; Mutti et al., 2003; Zavala et al., 2011) (Figure 1-6). This fact has led to 

review, and in many cases to reinterpret clastic deposits, not just in fluvio-deltaic 

environments, but also in deep-marine settings. In the latter, hyperpycnal flows deriving from 

river floods are considered by some authors as the most effective triggering mechanism for 

turbidite sedimentation (Normark and Piper, 1991).  

 

 

 

Figure 1-6. Facies and sequences deposited as a function of the magnitude of the river flood at the river 
mouth. (1) Maximum discharge < critical discharge to produce hyperpycnal flows. Failure-induced 

turbidity currents are generated. (2) Maximum discharge > critical discharge to produce hyperpycnal 
flows. Hyperpycnal flow forms. A complete sequence with a transitional boundary between an inversely 

graded unit (Ha) and normally graded (Hb) unit is deposited. (3) Identical to 2 but grain size can be 
coarser and sequence thicker. Sharp contact between Ha and Hb. (4) Same as 3 but particle deposited 
are coarser. Erosional surface exists between Ha and Hb. Ha may have been completely eroded during 
peak flood conditions. Cl, clay; fs, fine silt; ms, medium silt, cs, coarse silt; fsa, fine sand; msa, medium 

sand (from Mulder et al., 2001a). 
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Figure 1-7. Table showing different formations where the influence of hyperpycnal flows has been 
already described in the sedimentary record. Units studied in this work are bold and orange. 
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In deltaic sedimentation, an excessive actualistic perspective was used for many years, and 

hyperpycnal sedimentation was practically not taken into account, or its importance was 

almost neglected. In the same way, excessively static conceptions were kept, which have 

nothing to do with the constantly changing dynamics in deltas, resulting to incorporate the 

time variable (Ainsworth et al., 2011), particularly after the rising of sequence stratigraphy 

concepts. Considering the existence of hyperpycnal sedimentation has been demonstrated to 

allow a better comprehension of deltaic systems, as well as a better adjustment of their 

relationship with deeper depositional environments. Besides, it provides new patterns for 

deltaic architecture, and offers a better understanding of geometries and characteristics of 

shallow-marine reservoirs. 

As part of this work, a study of a field analogue for this type of accumulations is proposed, 

concerning sediments related with hyperpycnal flows in deltaic deposits of the Castissent 

depositional sequences, in the South-Central Pyrenean foreland basin fill (see text above). In 

this basin, the imprint of hyperpycnal sedimentation has been already described by Mutti et al. 

(1996, 2000, 2003) (Figure 1-7), and more recently by Tinterri (2007), although its influence 

has never been sufficiently documented regarding facies, facies associations and sequence 

stratigraphy in the Castissent Group deposits before this work. 

 

1.5. Channel-overbank complexes in base-of-slope settings: the Fosado Channel 

Nowadays, hydrocarbon exploration is mainly focused in deep offshore settings, were turbidite 

systems provide high quality reservoirs, as those associated with turbidite channel systems 

and their related overbank deposits (known as channel-levee deposits in seismic attributes and 

modern systems or channel-overbank deposits in outcrop studies).  

The optimum oil and gas recovery from reservoirs located in deep-water clastic settings, as the 

case of those elements of channel-overbank turbidite systems, largely depends on the 

acquired knowledge in the architecture of sandstone bodies, with their constituent facies and 

petrophysical attributes, but also involving other properties as connectivity, permeability 

barriers distribution and presence of seal surfaces (i.e. shale baffles, see Labourdette et al., 

2008). In the case of turbidite systems, in a similar way as in the shelf-to-slope transition (see 

text above) common subsurface research methods, mainly based on seismic reflection and 

petrophysical studies with borehole data and to lesser extent in core-based studies (Pirmez et 

al., 1997; Beaubouef et al., 1999; Mayall and Stewart 2000; Abreu et al., 2003; Babonneau et 

al., 2004; Labourdette et al., 2006; Deptuck et al., 2007; McHargue et al., 2011) helped in 
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understanding the distribution of architectural elements within turbidite channels. However, 

subsurface-based studies become often insufficient due to: 

 

1) the lack of information below the seismic resolution

2) the uncertainty in the correlation of petrophysical data in these highly heterogeneous 

settings

3) the short range of extension from core observations (1D)

Nevertheless, the lack of this information can be partially overcome using outcrop analogues, 

from which a predictive approach concerning risk factors can be obtained and used to 

minimize these risks in interesting exploration targets (Mutti 1977; Lowe, 1979, 1982; Mayall 

et al., 2006; Kane et al., 2007; Navarro et al., 2007; Nilsen et al., 2007; Labourdette et al., 

2008; Kane and Hodgson, 2011; Hodgson et al., 2011; Eschard et al., 2013) (Figure 1-8). 

 

 

 
Figure 1-8. Summary model showing the potential reservoir distribution and heterogeneity patterns in a 

large 3rd-order erosional turbidite channel complex (after Mayall et al., 2006).  

 

As a small part of the study case of the Castissent sequences presented in these notes, the 

lowermost depositional unit defined, known as the Fosado Channel, studied in cooperation 

with Arnau Obradors as part of his MSc project, has been proposed as a useful field analogue 

to provide stratigraphic and sedimentological bases to deal with applied cases in turbidite 

channel complexes. In addition, these channelized bodies offer the possibility to observe 

physically continuous relationships with their laterally associated overbank deposits 

(Obradors-Latre, 2012; Obradors-Latre et al., 2013) and vertically to upper slope turbidites and 

finally to delta front sandstone lobes (Poyatos-Moré, 2009; Remacha et al., 2011; Poyatos-

Moré et al., in prep.) (Figure 1-9). 
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Figure 1-9. Sketch model showing a base-of-slope channel-overbank system in an ideal lowstand 
systems tract of the Hecho Group. (A) Dip-oriented section through the axial part of the transfer zone 

(canyon and channel complex), extending from shelf settings (to the right) into the depositional zone (to 
the left). (B) Strike-oriented section of a channel-overbank complex. Redrawn after Marfil et al. (2013). 

 

The study referred acquired a new and broader dimension since the Fosado Channel was a 

poorly understood case in detail, from which the available literature has just merely confirmed 

the existence and relative stratigraphic position in a rough way. It became also interesting 

because it was used and proposed by Mutti (1977) as a facies model for channel margin 

settings. However, it must be pointed out that this depositional model was mainly defined 

from the detailed study of the uppermost individual channel body of the Fosado channel-

complex (see Benevelli, 2002). The complex has developed just above the boundary known as 

the Atiart unconformity, defined by Soler-Sempere and Garrido-Megías (1970). This large-scale 

submarine unconformity has been classically considered as a key surface recording an 

important deformation phase in the development of the South Pyrenean foreland basin. Its 

importance appears enhanced by the strong paleogeographical redistribution promoted by a 

very intense deformation phase in the Pyrenean orogeny, which implied the formation of a 

foredeep depocentre, reaching the highest accommodation space available (underfilling) and 

leading to deposition of the bulk of the lower Hecho Group turbidites (Mutti et al., 1972). 

The Eocene Pyrenean foredeep, developed in the genetically associated Ainsa and Jaca basins, 

is related to the east with a thrust top basin where the accommodation space was strongly 

reduced during this period. This piggy-back basin is located in the hanging wall of the South-

Central Pyrenean Unit (Séguret, 1972; Muñoz, 1992). In that area, fluvio-deltaic feeding 
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systems and their relative deposits are found in the Àger-Tremp-Graus basin. The initial stages 

of this foreland basin system underwent a by-pass dominated sedimentary balance in the most 

proximal environments, with most of sediments being delivered to the turbidite basin, forming 

one of the sandiest systems of the Hecho Group: the Fosado-Torla turbidite system (Mutti et 

al., 1985; 1988), with its main transfer zone: the Fosado Channel. 

 

1.6. Sequence boundary recognition in proximal settings: the intra-Castissent boundary 

The recognition of sequence boundaries in relatively conformable successions has been an 

important challenge to be overcome by sedimentologists and stratigraphers over the recent 

decades (Vail et al., 1977; Van Wagoner et al., 1988; Helland-Hansen and Gjelberg, 1994; 

Embry, 1995; Catuneanu, 2002; Zecchin and Catuneanu, 2012). Since the beginning of 

sequence boundary definitions came from shallow to deep marine deposits of passive margins, 

where the modern sequence stratigraphy was originally defined, terminations and 

relationships between different facies are thought to show an important control by eustatic 

changes (op. cit.). However, bounding surfaces are not always easy to define, even in these 

passive settings, when tested in outcrop-scale, and particularly close to the transfer areas. 

There, eustatic variations may not affect very significantly the stratigraphic succession and 

angular relationships might become more gentle or even not exist (Nummedal and Swift, 1987; 

Shanley and McCabe, 1994), being therefore very demanding to establish. In these settings, 

just a careful analysis of facies types, associations and stacking patterns can give a reliable idea 

of the sequence stratigraphic framework (Walker, 1990). In active tectonic settings, as the case 

of foreland basins, stratigraphers need to be careful when deal with sea-level influence in the 

formation of sequence boundaries. Here, tectonic activity controls most of facies changes and 

depocenters shifts within the basin, and therefore relative sea-level variations become harder 

to be inferred just from global eustatic curves (Van Wagoner and Bertram, 1995).  

The main proposed study area in the Ainsa Basin involves Ypresian sediments located at the 

western end of the Castissent Fm (Nijman and Nio, 1975), consisting of river mouth and deltaic 

deposits in transition to slope turbidites of the San Vicente Fm (Van Lunsen, 1970, Nijman and 

Nio, 1975). Overall, the studied materials have been firstly included in the Castissent 

depositional sequence (Mutti et al., 1985), and then aggregated in the TSU-3 (Remacha et al., 

2003). The latter consists of three third-order depositional sequences, from base to top: 

Castissent-1 (Cs-1), Castissent-2 (Cs-2) and Santa Liestra-1 (Mutti et al., 1988). The study of the 

boundary between the first two sequences is one of the main objectives of this work, since it 

has been controversial for a long time (Figure 1-10). Thus, its precise location has been studied 
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and redefined (Poyatos-Moré, 2009; Boya, 2011; Remacha et al., 2011; Poyatos-Moré et al., in 

prep.), integrating highly detailed field data with a chonostratigraphic analysis. The 

understanding of this boundary is considered essential since it is thought to have formed close 

to the shelf-to-slope transition, involving the upper part of the Cs-1 and the lower part of the 

Cs-2 depositional sequences. 

 

 

Figure 1-10. Sketched geological map of the Castissent Group strata (green coloured) between the Esera 
river valley and the Charo region, showing the major large-scale bounding unconformities (undulated 

lines), and the intra-Castissent unconformity (black thick solid line) passing into a transgressive surface 
to the east (left). From Davoli et al. in Mutti (1992). 

 

 

1.7. Clinoforms and clinothems: an overview 

The term clinoform is normally used to describe sigmoidal sedimentary surfaces, whereas the 

term clinothem refers to a body of rock that is bounded by clinoform surfaces (Rich, 1951). 

Clinoforms and clinothems range in scale from shelf delta clinoforms that are 10s of m-high, to 

continental margin accumulations (shelf-slope-basin clinoforms), where clinoforms can be 

hundreds of m to km-high (Pirmez et al., 1998; Helland-Hansen and Hampson, 2009) (Figure 1-

11). Intrashelf clinoforms are intermediate in scale and are located on the continental shelf 

seaward of clastic shorelines and/or major river mouths and landward of shelf-slope-basin 

clinoform rollovers. The basinward migration of clinoforms of different scales means that the 

shoreline or shelf delta clinoform slope can merge with the shelf-slope-basin clinoform to form 

compound clinoforms. 
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Figure 1-11.Diagram of different scales of clinoforms and clinothems and the nomenclature of key 
physiographic provinces and points. Clinoform scales vary, and they may merge to form “compound 

clinoforms” depending on the interplay of sediment supply and local sea level change. A. Depositional 
dip profile of three scales of clinoform. B. Intermediate scale, intrashelf clinoforms. C. Overview of 

clinoform and clinothem provinces. Adapted from Helland-Hansen and Hampson (2009). 

 

Clinothems generally comprise three fundamental components: topset, foreset and bottomset 

(Gilbert, 1885) (Figure 1-12). Topset deposits form the upper part of a clinoform succession, 

with their depositional slopes dipping gently basinward. Foreset deposits form by progradation 

of the steepest part of a clinoform sigmoid (with a typical dip of 1-3° at the clinoform inflection 
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point), which is generally known as the clinoform slope. Bottomset deposits, in turn, dip gently 

basinward. The upper break in slope of a clinoform, separating topset and foreset, is referred 

as the clinoform rollover, which is not a point but a zone of progressively increased gradient 

(Jones et al., 2013a). This zone has also been referred, when dealing with basin-margin scale 

clinoforms, as the shelf-edge (Schlee, 1981), depositional coastal break (Vail et al., 1977), shelf 

break (Van Wagoner et al., 1988), and clinoform breakpoint (Fulthrorpe and Austin, 1998). The 

lower break in slope of a clinoform, separating foreset and bottomset positions, is referred as 

the clinoform toe-of-slope. 

 

 
 
Figure 1-12. Generalized 
clinothem model  
(after Miller et al. (2013a). 
 
TS—transgressive surface 
TST—transgressive systems tract 
LST—lowstand systems tract 
HST—highstand systems tract 
MFS—maximum flooding surface 
SB—sequence boundary 
 

 

 

1.8. Process regime vs Clinoform trajectory in passive margins: the New Jersey margin 

The phisiography of all basin margins involving a shelf-slope-basin profile can be easily 

assessed through the analysis of high resolution seismic databases (e.g., Saller et al., 2004; 

Bullimore et al., 2005; Johannessen and Steel, 2005). The geometry and trajectory of 

successive clinoforms have been widely employed as a tool to infer relative sea-level changes 

and to interpret long-term factors controlling basin margin evolution and timing of coarse-

grained sediment delivery from continents to oceans (e.g., Steel and Olsen, 2002; Johannessen 

and Steel, 2005; Hadler-Jacobsen et al., 2007; Ryan et al., 2009).  

Traditional sequence stratigraphic models provide a toolbox for prediction of lithologies and 

key surfaces in space and time and enable a better understanding of how basin margins 

respond to the principal controlling factors of sediment supply and accommodation (Vail et al., 

1977; Posamentier and Vail, 1988; Van Wagoner et al., 1988; Galloway, 1989; Martinsen and 

Helland-Hansen, 1995; Steel and Olsen, 2002; Johannessen and Steel, 2005). Commonly, 

sequence stratigraphic models discriminate different systems tracts based upon clinoform 

geometries and stacking patterns (Van Wagoner et al., 1990). Oblique clinoforms (those with 
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no topset but a well-developed foreset and bottomset) are consistent with periods when 

accommodation is reducing/low and are therefore associated with a relative sea-level fall and 

a falling stage to lowstand systems tract (Figure 1-13). Sigmoidal clinoforms (those with 

complete topsets) are consistent with periods of positive shelf accommodation, typical of 

periods of rising relative sea-level within transgressive and highstand systems tracts (Sangree 

and Widmier, 1978).Trajectory models predict that flat to falling trajectories during periods of 

limited or reducing accommodation are typically associated with thin or absent topsets and 

with significant sediment supply to the foreset and bottomset (Helland-Hansen and Hampson, 

2009). In contrast, a rising trajectory during periods of excess of accommodation would result 

in the storage of sediment in the topset with minimal supply to the foreset and bottomset. 

 

 

Figure 1-13. Likely variations in the dominant depositional processes active on the shelf for different 
trajectories and prediction of sediment delivery downslope (from Henriksen et al., 2009). 

These prediction models have been challenged in those margins where high sedimentation 

rates can play a very important role in the sediment transport to deep-water settings (Carvajal 

et al., 2009), especially in those cases where platforms are wide to moderately-wide or during 

relative sea-level highstands (Burgess and Hovius, 1998; Carvajal and Steel, 2006; Covault and 

Graham, 2010). Besides, 3D subsurface studies indicate that a significant lateral variability 

exists concerning clinoform character (e.g., Monteverde et al., 2008; Fullthorpe and Austin, 

2008; Kertznus and Kneller, 2009; Sanchez et al., 2012), which supposes a key consideration 
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when trying to evaluate the relative importance of autogenic and allogenic controls on the 

depositional architecture of deltaic clinothems (Poyatos-Moré and Hodgson, 2012).   

Sea level-driven (accommodation) or sediment supply-driven models (Steel et al., 2008) have 

been developed mainly based on large-scale seismic data (Figure 1-14), with less focusing on 

process regime that operate in different portions of individual clinothems, and how this 

process regime changes with different clinoform trajectories.  

 

 

Figure 1-14. Summary diagram outlining the importance of sediment supply and accommodation at the 
shelf edge for predicting the presence or absence of deepwater sands beyond the clinoform rollover 

(modified after Johannessen and Steel, 2005). 

 

High-resolution seismic profiles tied to cored and borehole data provide a means to link 

depositional architecture (clinoform trajectory) with sediment dispersal processes and 

patterns. This linkage can allow evaluating the interaction between dynamic controls such as 

eustacy, subsidence and uplift rates, sediment supply and process regime. The IODP Expedition 

313 cored a set of Miocene clinothems from offshore New Jersey in order to capture a 

complete record of the sea-level change through integrating seismic stratigraphy, core and 

well logs, as well as chronostratigraphy data (Sr isotopes and biostratigraphy). The assessment 

of sedimentary facies and a process-based interpretation of their depositional environments 

occurring along a single clinothem allow the comprehension of sediment dispersal processes 

and patterns. Commonly, this is only possible to achieve in outcrop-based studies, and often 

just in some parts of a single clinothem (e.g. Mellere et al., 2002; Oliveira et al., 2011; Dixon et 
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al., 2012a), although some studies have also evaluated multiple clinothems (e.g., Carvajal and 

Steel, 2006; Wild et al., 2009; Hubbard et al., 2010; Remacha et al., 2011; Jones et al., 2013a 

and b; among others). 

 

  

Figure 1-15. Graphic of the New Jersey margin clinoforms (grey lines), showing the trajectories of 
clinoform rollover and base-of-slope zones (black lines and dots), with the core recovery of the research 

boreholes drilled during the IODP Expedition 313, providing a unique occasion to link seismic scale 
(margin architecture) with core-based (facies analysis) data. Modified after Poyatos-Moré and Hodgson 

(2012). 

 
 

The IODP Expedition 313 dataset allows performing this analysis through several successive 

clinothems (Figure 1-15). This permits to establish a unique linkage between clinoform 

trajectory and process regime operating in different portions along different clinothems, which 

can provide a test to existing models, as well as to improve prediction of grain-size distribution 

and understanding of controls on the timing and style of sediment dispersal from river-mouth 

to base-of-slope settings.  
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1.9. The significance of clinoform lateral margin variability: the Waterford Fomation 

When working in outcrop settings, identifying key elements of the shelf-to-slope transition as 

the clinoform rollover or the base-of-slope can be challenging, and a confident analysis of the 

full topset-to-bottomset profile of successive clinothems, in order to identify clinoform 

trajectories, and their relationship to sedimentary process is often demanding or not possible. 

Nonetheless, outcrop-based studies of exhumed ancient basin margin clinothem successions 

can provide key information on the sedimentary processes preserved around the shelf-to-

slope transition (e.g., Jones et al., 2013a), although there are large variations between basin-

fills depending on the dominant process regime. Dixon et al. (2012b) indicated that the 

character of the process regime at the shelf-edge is a critical parameter to consider when 

predicting the presence of coarse-grained sediment in bottomsets. 

 

 

Figure 1-16. Three depositional dip correlation panels (Baviaans South [A], Baviaans North [B] and 
Zoutkloof [C]) showing eight deltaic parasequences of the lower Waterford Fm (Karoo Basin, South-

Africa). Bounding flooding surfaces are shown as well as interpreted maximum flooding surfaces. 
Prodelta strata are khaki, deformed strata are green and amalgamated sandstone bodies are yellow and 

show the maximum progradational extent of the lower Waterford Fm. Upper slope turbidite deposits 
are blue. After Jones et al. (2013b). 

 

Clinoform trajectory analyses commonly treat accommodation and sediment supply as a two-

dimensional problem, relying on single depositional dip profiles. However, in high energy 

margins, shore-parallel currents may govern other processes involved in across-shelf sediment 

transport, such as river floods and storms (Driscoll and Karner, 1999). Observations of modern 

systems indicate significant margin variability in terms of physiography, sediment dispersal 
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patterns, discharge rates and process regime (e.g., Olariu and Steel, 2009). The same 

parameters also vary in time, which result in complexity in spatial and temporal trends. An 

improved understanding of the three-dimensional variability of basin margin evolution has 

been achieved due to increasingly detailed 3D seismic datasets (Suter and Berryhill, 1985; 

Matteucci and Hine, 1987; Poag et al., 1990; Tesson et al., 1990; Milton and Dyce, 1995; Kolla 

et al., 2000; Saller et al., 2004; Fulthorpe and Austin, 2008; Monteverde et al., 2008; Ryan et 

al., 2009; Henriksen et al., 2011; Moscardelli et al., 2012; Sanchez et al., 2012a and b).  

However, calibration to sedimentary process regime, grain-size and sub-seismic scale 

architectural elements is sparse in reflection seismic datasets. Dixon et al. (2012a, 2012b) 

summarize the architecture and range of shelf-edge process regime during basin margin 

development from 2-D dip profiles in several basins including the Battfjellet Formation, 

Spitsbergen (Ponten and Plink-Bjorklund, 2009; Helland-Hansen, 2010), Magallanes Basin, 

Chile (Covault et al., 2009) and Lewis Shale, Wyoming (Pyles and Slatt, 2007). 

Clinoform trajectory analysis has also been applied to outcrop datasets allowing a sub-seismic 

resolution of facies, from Spitsbergen (Steel and Olsen, 2002; Johannessen and Steel, 2005; 

Helland-Hansen, 2010), the Tanqua depocentre, Karoo Basin (Wild et al., 2009; Dixon et al., 

2012a; Dixon et al., 2012b), the Lewis shale Wyoming (Carvajal and Steel, 2006; Pyles and Slatt, 

2007) and the Magallanes Basin, Chile (Hubbard et al., 2010). However, outcrop studies that 

document the lateral variability in shelf-edge process records are rare and often focus on 

individual clinothems (Carvajal and Steel 2009), changes over limited strike distances (Dixon et 

al., 2012a), or those with limited strike control (Wild et al., 2009).  

The lower Waterford Formation, in the Karoo basin (South Africa) provides a 3D outcrop-based 

case study of an exhumed shelf/slope system that allows the identification of eight successive 

clinoform rollover positions and mapping of key depositional facies associations along three 

regional depositional dip profiles (Figure 1-16). This provides a rare opportunity to test 

trajectory analysis against outcrop-based facies interpretations.  
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2. OBJECTIVES 

 

- This work shows the results of a study performed from 2008 to 2013 on different types of 

sedimentary facies and depositional processes occurring mainly along the shelf-to-slope 

transition of the Ypresian Castissent sequences (South-Central Pyrenees, Spain), but also 

other less extensive studies from examples of deltaic clinothems belonging to different 

structural settings (the Miocene New Jersey margin, and in a lesser extent the Permian 

Waterford Fm, Karoo basin, South Africa), with the aim to bring new ideas and models on 

this key depositional interface. The results of all studies will be included and discussed in 

these notes, especially emphasizing those sediment transport mechanisms occurring 

through the shelf margin and factors controlling sediment dispersal beyond the shelf edge 

or clinoform rollover. 

- Particularly, the study is mainly based on the outcrop examples offered by the Castissent 

and San Vicente Formations in the Ainsa basin (Spain). The stratigraphic and 

sedimentological work done in the past in the area was mainly oriented to establish 

different depositional sequences that have been more or less redefined and reviewed by 

several authors. Other works offered general or highly detailed studies from particular 

well-known outcrops of the Castissent Fm s.s. along the Tremp-Graus basin, but none of 

them reached the level of detail concerning the shelf-to-slope transition intended to be 

achieved in this work. Nonetheless, a compendium of all information provided by those 

professionals who have worked in the Castissent depositional sequences over the past 30 

years has been performed, trying to integrate the new obtained documents with those 

previously compiled, in order to offer an invaluable tool, both for professionals and 

academics, to discover and explore the spectacular outcrops offered by the Castissent 

depositional sequences throughout the South-Central Pyrenean Basin.             

The research team, led by Dr. Eduard Remacha, with occasional cooperations of Dr. Oriol 

Oms, has involved originally the MSc and subsequent PhD projects of Miquel Poyatos-

Moré, but also two additional MSc projects have been completed in the area by Salvador 

Boya (2011) and Arnau Obradors (2012). The application of renewed concepts and 

different perspectives of genetic sedimentology and sequence boundaries of different 

depositional units (some of them widely discussed during the past) aims, through a 

renewed field work (Poyatos-Moré, 2009; Boya, 2011; Remacha et al., 2011, Obradors-

Latre, 2012; Obradors-Latre et al., 2013; Poyatos-Moré, in prep.), to provide: 



Chapter 2                                                                                                                                                        Objectives 

 

34 

 

a) A new field-based interpretation of deposits and processes from river-mouth to 

base-of-slope settings in the outcrops of the Castissent sequences between the 

Charo region and the Esera River valley, in an example of flood-dominated and 

tectonically-active deltaic system. 

b) The role played by hyperpycnal flows as a link between fluvio-deltaic systems from 

the Tremp-Graus basin (east) and shallow to deep marine environments located 

beyond La Foradada fault, in the Ainsa basin (west). 

c) The influence exerted by different tectonic pulses on sedimentation and creation 

of unconformities, of different scales and frequencies, along the entire 

depositional profile. An special attention will be devoted in the intra-Castissent 

boundary, which definition has always been controversial.   

d) A re-examination of previous stratigraphy and sequence boundaries (through the 

integration of chronostratigraphic and sedimentary data) of units with the aim to 

provide a new subdivision in terms of sequence stratigraphy, assessing the main 

evolutionary stages and major architectural elements of these sedimentary units. 

e) An improvement on the comprehension of the interaction between tectonics and 

other controlling factors on shelf edge sedimentation in active shelf margins. Thus, 

depositional models of an example of high-gradient and relatively small-scale 

shelf-margin system will be provided in these notes in order to offer a new tool for 

prediction improvement and risk reduction in applied exploration of shallow- to 

deep-marine sedimentary systems in tectonically-active settings.  

- To a lesser extent, a subsurface-based case of study of Miocene clinoforms of the New 

Jersey shelf (USA) is also presented herein, taking public available data from the IODP 

Expedition 313, held in the New Jersey margin in July, 2009. This work, performed by 

Miquel Poyatos-Moré, in cooperation with Dr. David Hodgson (University of Leeds, UK), is 

part of a collaboration done in a short stay of research completed in 2012 in the 

Universities of Liverpool and Leeds (UK). The excellent IODP Expedition 313 dataset allows 

performing the assessment of sedimentary facies and a process-based interpretation of 

their depositional environments occurring along several successive deltaic clinothems in a 

passive and open-sea margin. This has permitted to establish a unique linkage between 

clinoform trajectory analysis and process regime operating in different portions along 

different clinothems, which provides a chance to test existing models, as well as to 

improve prediction of grain-size distribution and understanding who controls the timing 
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and style of sediment dispersal (Poyatos-Moré and Hodgson, 2012; Hodgson et al., in 

prep.). This chapter will therefore face the following research questions:  

a) Which are the main sedimentary processes and depositional environments usually 

preserved at clinoform rollover, slope and base-of-slope positions?  

b) Is the process regime more important than the clinoform trajectory as a 

controlling factor of the timing of coarse-grained sediment delivery from the 

rollovers to the bottomsets?  

c) Are changes in clinoform trajectory and sedimentology regional (allogenically-

driven) or they reflect lateral variability? 

- Finally, last but not least, a comparison with an alternative outcrop-based case of study 

will be provided, in this case in the Lower Waterford Formation, a Permian shelf-to-slope 

succession located in the Karoo basin (South-Africa). This work is an additional part of the 

cooperation with the University of Liverpool, based in a couple of months of field work 

assisting a PhD project already completed by Dr. George Jones (Jones, 2013), involved in 

the Slope 3 project, a major consortium funded project sponsored by several oil companies 

and led by Dr. Stephen Flint (University of Manchester) and Dr. David Hodgson (University 

of Leeds). The lower Waterford Formation provides a 3D outcrop-based case study of an 

exhumed shelf/slope system that allows the identification of eight successive clinoform 

rollover positions and mapping of key depositional facies associations along three regional 

depositional dip profiles. 

a) Building on the dataset presented by Jones et al. (2013a), data from two further 

parallel dip profiles will provide an outcrop-based case study on the lateral 

variability in clinoform trajectory and process regime across successive clinothems.  

b) Specifically, the variability of large-scale sequence stratigraphic architecture and 

trajectory paths will be discussed, in conjunction with stratigraphic and 

palaeogeographic changes in process regime at the shelf edge rollover zone (Jones 

et al., 2013b). 

The discussion will then explore the effects that all the introduced parameters have on the 

temporal and spatial variability of sedimentary facies along the shelf-to-slope transition in 

different settings, controlling the delivery of sand onto the slope and basin floor, and 

providing a rare opportunity to test subsurface/outcrop deltaic clinoform analysis against 

outcrop-based facies interpretations. 
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3. GEOLOGICAL SETTING AND PREVIOUS WORKS 

The Pyrenees (Figure 3-1) is an asymmetric double-verging orogenic belt, formed during the 

upper Cretaceous to lower Miocene, as a result of the N-S continental collision between the 

Iberian and European plates (Dewey et al., 1989; Roest and Srivastava, 1991; Muñoz, 2002; 

Rosenbaum et al., 2002; and other references therein). The Pyrenean chain can be roughly 

divided in two parts: a northern zone dominated by northbound thrusts and folds (North-

Pyrenean Zone) and a southern zone characterized by south-verging structures. The latter is 

represented by the basement massif of the Axial Zone and the cover thrust sheets of the 

South-Pyrenean zone. The progressive development of delamination in the upper crust and 

the associated flexural loading led to the formation of an E-W trending foreland basin system 

(Choukroune, 1992; Muñoz, 1992, and other references therein). The southward propagation 

of thrusts and consequent migration of depocentres, reaching a maximum during the mid to 

late Eocene, ended in the lower Miocene with the post-collision sedimentation (“molasse” 

stage) recorded by the essentially undeformed Miocene terrestrial strata of the Ebro basin 

(Figure 3-1). The relationship between the structural evolution and sedimentation of the 

South-Pyrenean belt has been addressed in many works (e.g., Soler and Puigdefàbregas 1970; 

Séguret 1972; Garrido-Megías 1973; Puigdefàbregas 1975; Puigdefàbregas and Souquet 1986; 

Mutti et al. 1988; Puigdefàbregas et al. 1992; Mutti et al. 1994; Teixell 1996; Teixell and 

Muñoz, 2000; Muñoz et al., 2013). 

The South-Pyrenean Foreland Basin can be considered as a relatively narrow and elongated 

WNW-ESE basin, generally deepening towards the Bay of Byscay (Atlantic Sea). Its geometry is 

strongly influenced by the inversion and reactivation of previous Mesozoic extensional 

structures (García-Senz 2002; McClay et al. 2004). However, other transverse structural trends 

can also be observed, as roughly N-S structures, deriving from lateral ramp complexes formed 

during the southward propagation of thrust sheets or most commonly fault detachment folds 

(Figure 3-1). In the south-central Pyrenees, three main regional areas have been classically 

considered: 1) an eastern sector (Àger-Tremp-Graus basin), a central sector (Ainsa basin) and a 

western sector (Jaca-Pamplona basin) (Mutti et al., 1988). The eastern sector mainly consists 

of alluvial and deltaic deposits evolving in a thrust-top depocentre over the South-Central 

Pyrenean Unit (SCPU) (Séguret, 1972, Muñoz, 1992). The main structures forming the SCPU, 

from north to south, are: the Bóixols, Montsec and Serres Marginals thrusts (Figure 3-2). 

Particularly, the Tremp-Graus basin is found in the hanging wall of the Montsec thrust, 

bounded to the north by the Bóixols thrust. The Àger basin is carried along the hanging wall of 

the Serres Marginals thrust and its northern boundary is the Montsec thrust (Figure 3-2).  
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Figure 3-1. [A] Location of the Pyrenees and the study area. [B] Simplified geological map of the main 
geological units and location of crustal-scale west/east ECORS sections. [C] ECORS east and west, 

redrawn from Muñoz (1992) and Teixell (1998), respectively. Remacha et al. (2003). 

 

However, it is important to highlight that, during the early Eocene, the Àger and Tremp-Graus 

basins were acting in fact as a single basin; evidences suggest that the early expression of the 

Montsec was still unable to disconnect both basins during many intervals along this time 

(Mutti et al., 1988; see also Poyatos-Moré et al., 2013), and this is the reason why they should 

be considered as a single basin during this period. The eastern sector is bounded by the Segre 

fault to the east and La Foradada tear fault to the west (Figure 3-1). Both structures have been 

interpreted as two lateral ramp zones associated with the southward movement of the South-

Central Pyrenean Unit (Mutti et al., 1988) (Figure 3-2). The central part of the south-central 

Pyrenees is formed by the Ainsa basin. This basin is considered a transitional zone between the 

eastern thrust-top depocentre (Àger-Tremp-Graus) and the western (deep-marine) foredeep 

depocentre forming the Jaca-Pamplona basin. 
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The northern boundary of the eastern Ainsa basin is located in front of the Sierra Ferrera 

thrust, as part of the Peña Montañesa-Montsec thrust sheet (Fernández et al., 2012) (Figure 3-

3). To the east, the Ainsa basin is bounded by La Foradada tear fault, already mentioned (see 

text above), and the western boundary is classically established in the N-S trending Boltaña 

anticline, with the Jaca basin extending to the west of this structure. The distinction between 

the Ainsa and Jaca basins has only descriptive purposes, since both basins were genetically 

related, at least during early Eocene times (Muñoz et al., 2013). 

 

3.1 Structural framewok of the study area 

Structures strictly found in the study area are shown in Figures 3-3 and 3-4. As suggested by 

many authors (Nijman and Nio, 1975; Mutti et al., 1985a; Davoli et al., 1991; Travé et al., 1997; 

Poyatos-Moré, 2009; Remacha et al., 2011), the deltaic succession of the Castissent sequences 

can be considered as a syntectonic stratigraphic unit, mainly controlled by the synchronous 

formation of the lateral ramp complex of the Montsec-Peña Montañesa unit, known as the 

“Peña Montañesa imbricate fan” (Farrell et al., 1987), “Arro thrust system” (Casas et al., 2002) 

or “La Fueva system” (Fernández et al., 2012). This thrust-and-fold complex, and particularly 

the Atiart thrust (a splay off the Peña Montañesa thrust), has been linked to the Montsec 

thrust (Soler-Sampere and Garrido-Megías, 1970; Seguret, 1972; Nijman and Nio 1975; Cámara 

and Klimowitz, 1985, see also Fernández et al., 2012 and Muñoz et al., 2013). The system 

consists of several NNW-SSE striking thrusts and related folds that formed during the 

deposition of Cuisian to Early Lutetian sediments (Nijman and Nio, 1975; Barnolas et al. 1991; 

Muñoz et al. 1994; Arbués and Corregidor 1996; Travé et al., 1997; Mascle and 

Puigdefàbregas, 1998; Barnolas and Gil-Peña 2001; Poyatos-Moré, 2009; Remacha et al., 2011) 

(Figure 3-3). 

The structures related with this oblique lateral ramp zone have been largely considered as the 

main controlling factor of the transition between fluvio-deltaic sediments of the thrust-top 

basin and the foredeep turbidites of the lower Hecho Group (Nijman and Nio, 1975; Mutti et 

al., 1988). The zone was subjected to a strong tectonic deformation since the Cuisian (late 

Ypresian), and then slightly reactivated in middle Eocene times. After Muñoz et al. (2013), the 

middle Eocene deformation is related to the emplacement of the Gavarnie basement thrust, 

whereas the lower Eocene deformation, in turn, in most of works after Soler-Sampere and 

Garrido-Megías (1970), has been related to the here named Montsec-Peña Montañesa Unit 

(Cotiella unit in other works) (see Fernández et al., 2012). 
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Despite the role of the Gavarnie basement thrust is highly controversial when comparing both 

central and south-central Pyrenees (i.e., east and west of the Boltaña anticline), this work still 

considers the more clear relationships of the Gavarnie thrust and the cover systems along the 

northern Jaca basin (Labaume et al., 1985; Teixell and García-Sansegundo, 1995; Teixell, 1996; 

Soler et al., 1998; Teixell, 1998, and other references therein), which recognize the Gavarnie 

thrust activity as Priabonian, instead of the Lutetian age established in the Ainsa basin (see 

Fernández et al., 2012 and Muñoz et al., 2013). In addition, supporting data reinforcing this 

hypothesis have been recently provided after some provenance and thermochronology studies 

(Jolivet et al., 2007; Meresse et al., 2010; Roige et al., 2013).  

Unconformities and erosive surfaces show that the main activity of the Montsec-Peña 

Montañesa thrust unit was during the lower Eocene (Ypresian) (e.g. Soler-Sampere and 

Garrido-Megías 1970; Nijman and Nio 1975; Vergés and Muñoz 1990; Vergés 1993; Teixell and 

Muñoz, 2000, see Figure 3-5) and its frontal thrust-and-fold system was still active during the 

middle Eocene (Mutti et al., 1988; Teixell and Muñoz, 2000). Particularly, the integration of 

seismic and field data shows that Castissent deltas were strongly affected by a series of low-

amplitude folds and their related faults, the most important of which are, regardless of the 

Mediano anticline, from east to west: (1) La Foradada fault, (2) Samper syncline, (3) Samper 

thrust, (4) Atiart thrust, (5) Los Comunes anticline, (6) the Fosado syncline, (7) Los Molinos 

thrust, and (8) Arro syncline (Figures 3-3 and 3-4).  

Thrusts were partially buried by syntectonic sediments of the Castissent sequences and 

sometimes partially eroded by gravitational collapse surfaces (Muñoz et al. 1994), which 

locally mask their magnitude and displacement. La Foradada fault is considered a tear fault 

originated to accommodate the differences in structure along-strike on the Montsec–Peña 

Montañesa thrust sheet (Nijman, 1989; Fernández et al., 2012), and its position relative to the 

Peña Montañesa thrust (Figure 3-3) has frequently been misunderstood as indicating the 

actual position of the lateral ramp between the Peña Montañesa and Montsec structures (e.g. 

Nijman and Nio 1975; Barnolas et al. 1991; Vergés 1993; see discussion in Fernandez et al., 

2012). 

Most of the sedimentary systems studied in this work developed along the southern limb of 

the syncline located in front of the Peña Montañesa frontal thrust (Samper syncline, Travé et 

al., 1997, see Figure 3-4B), in a region close to the axial plane of the syncline, which is found 

some km northwards. As stated by Casas et al. (2002), some thrusts of La Fueva system reveal 

small amounts of displacement, and no coupling between deep thrusts and those located at 

the surface, as for example the Samper “out-of-syncline” thrust (Travé et al., 1997), in 
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connection with a delayed tightening of the ramp anticline of the hanging wall of the Atiart 

thrust that developed synchronously with deposition of the Castissent materials, owing to its 

synsedimentary character (Poyatos-Moré, 2009; Remacha et al., 2011). 

The Atiart thrust has been widely identified as the most prominent thrust in the system, with 

more than 10 km of SW displacement (Soler-Sampere and Garrido-Megías 1970; Séguret, 

1972; Nijman and Nio 1975; Farrell et al., 1987; Muñoz, 1994). It is widely considered to be the 

along-strike continuation of the Peña Montañesa thrust (Figures 3-3 and 3-4), and links this 

structure to the Montsec thrust in subsurface (Soler-Sampere and Garrido-Megías, 1970; 

Cámara and Klimowitz, 1985) (see Figure 3-1). Near the Atiart locality it is truncated by a highly 

erosive surface corresponding to the basal unconformity of the Castissent Group (Soler-

Sampere and Garrido-Megías 1970; Mutti et al., 1988), clearly indicating an upper Ypresian age 

for the upper emplacement of the Montsec-Peña Montañesa thrust sheet, at least in that area. 

 

 
 

Figure 3-4. [A] WNW-ESE synthetic cross-section and [B] NE-SWstructural sketch showing the 
relationships betweenstructural morphologyand lithostratigraphic units in the western end of the 

Tremp-Graus basin and eastern part of the Ainsa basin.Modified from Zamorano (1991) and Travé et al. 
(1997), respectively. 
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Subsequent shifts of the Atiart thrust deformed this erosive surface and the overlying 

Castissent sediments (Barnolas et al., 1991; Arbués and Corregidor, 1996), giving syn-

sedimentary folds as for example Los Comunes anticline (Figure 3-4). Los Molinos thrust, with  

up to 7 km of strike-slip component (Babault et al., 2000) and its associated Arro syncline, 

bounded with the first stages of the Mediano anticline (Clamosa Dome, Teixell and Barnolas, 

1995), which is thought to have acted as a western confining topographic relief during 

deposition of the Castissent sequences (Millington and Clark, 1995; Remacha et al., 2011). 

 

 
Figure 3-5.  Chronostratigraphic diagram showing the timing of the main lithostratigraphic units involved 

in the lower Eocene deposits of the Ainsa Basin (modifed from Muñoz et al., 2013). Color codes are 
equivalent with Figure 3-3. Lithostratigraphic units: Es, Escanilla; So, Sobrarbe; Gu, Guara; Gr, Grustán; 

Pa, Pano; Cp, Capella; Pr, Perarrúa; Cm, Campanué; Cs, Castissent; SM, Santa Marina; Cg, Castigaleu; Rd, 
Roda; Yb, Yeba; Se, Serraduy; Al, Alveolina limestone. Turbidite systems: gu, Guaso; og, O Grao; ga, 

Gabardilla; c, Coscojuela; fo, Formigales; s, Sieste; m, Morillo; a, Ainsa; ba, Banastón, Gerbe; ar, Arro; f, 
Fosado. Thrusts and faults: LF, La Foradada tear fault; AT, L’Atiart-Peña Montañesa thrust; LM, Los 
Molinos thrust. Litho- and chronostratigraphic information compiled from Bentham et al. (1992), 

Bentham and Burbank (1996), Barnolas and Gil-Peña (2001), López-Blanco et al. (2003), Mochales et al. 
(2012), Rodríguez-Pintó et al. (2012), and Serra-Kiel et al. (1994). Eocene time scale from Gradstein et al. 

(2004). SBZ biozones calibration to the time scale integrates data from Costa et al. (2013) and 
Rodríguez-Pintó et al. (2012). 

 
 

The structures already mentioned are thought to have controlled not just the geometry of the 

basin but also the location of the entry point of sediment supply (Nijman and Nio, 1975; 

Nijman, 1998; Clevis et al., 2004a and b) (Figure 3-6). The Ainsa basin, during those times, was 

characterized by an overall NNW-SSE trending elongated geometry, in an along-strike direction 

of the foreland flexure, due to the presence of the Mediano anticline and the onset of Boltaña 

and Añisclo anticlines further to the W-NW (outside the study area, Barnolas et al., 1991; 
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Muñoz et al., 1994; Fernández et al., 2012; Mochales et al., 2012). Some of these structures 

are thought to have formed topographic reliefs, located to the western sector of the study 

area, which confined and forced the Castissent systems to deliver towards the NW (Obradors-

Latre et al., 2013; Poyatos-Moré et al., in prep.). The La Fueva thrust-and-fold system and La 

Foradada tear fault, thus, separated a deep water domain towards the NW, from a relatively 

shallow-marine and restricted depocentre to the E-SE (Figures 3-5 and 3-6). Is along the 

transitional zone among these domains where deposition and formation of Castissent deltas 

took place. 

 

3.2. The Lower Eocene Depositional Sequences 

Sedimentation during Eocene times in the eastern and central sectors of the South-Pyrenean 

foreland basin is characterized by different depositional sequences, with different orders of 

frequency. All of them are unconformity-bounded units, with the lower order sequence 

boundaries being expressed as basin-scale unconformities or their relative paraconformities, 

with the latter commonly expressed by sharp facies changes (Mutti et al., 1985a, 1988, 1994). 

If third-order sequences are analysed (or those equivalents according with the "classical" 

depositional sequence scale) (Figure 3-7), it can be seen that the lowermost sequence (Fígols) 

mainly consists in shelfal limestones and marls, interbedded with some terrigenous units 

(Fonnesu 1984; Plaziat, 1984; Mutti et al. 1985b; 1988; Carminatti 1992; Eichenseer and 

Luterbacher 1992; Barberà et al. 1997; Remacha et al., 1997; Angella 1999; Calabrese 1999; 

Waehry 1999; Tinterri, 2007; Martinius, 2012). The second sequence (Castigaleu) consists in 

fluvio-deltaic sandstones and conglomerates to the east, which grade to shelfal sandstones 

and prodelta mudstones to the west (Van der Meulen, 1983, 1989; Mutti et al. 1985, 1988, 

2000; Zamorano, 1993; Dominici and Kowalke, 2007; Martinius, 2012). Turbidite systems of 

this unit, however, are poorly developed and even absent in the Jaca basin (Remacha et al., 

1997). 

The third and fourth sequences, which are the subject of this study (Castissent-1 and 

Castissent-2), consist of fluvio-deltaic sediments to the east (Àger-Tremp-Graus), passing to 

turbidite systems to the west (Jaca-Pamplona), through a shelf-to-slope transition setting 

located in the central sector (Ainsa) (Figure 3-6, see text above) (Nijman and Nio, 1975; Mutti 

et al., 1984, 1985; Marzo et al., 1988; Mutti et al., 1988; Davoli et al., 1991; Millington and 

Clark, 1995; Mutti et al., 1996; Nijman, 1998). The turbidite systems of these sequences are 

very sand rich, characterized by the most striking cyclicity of all turbidite systems of the Hecho 
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Group. The fifth sequence (Santa Liestra) mainly consists in sandstones and conglomerates to 

the east, passing in turn to turbidites westwards of the study area (Crumeyrolle and Mutti, 

1986; Crumeyrolle, 1987; Mutti et al., 1988; Weltje et al., 1996; Clevis, 2003). Regardless of 

their turbidite transfer zones with abundance of coarse to very coarse grained facies, turbidite 

depositional systems extending along the northern Jaca basin can be considered as relatively 

medium to thin-bedded sheet-like lobes passing into ponded basin plain facies (Remacha and 

Fernández, 2003; Remacha et al., 2005) extending to form more than 60% of the outcrop belt 

in this area. 

 

3.3. The Castissent Sequences 

As previously mentioned the location of the study area is enclosed in Figure 3-2 and located in 

a higher detail in Figure 3-3. Sediments studied deposited in the late Cuisian (upper Ypresian, 

47.8-53.1 Ma, after Gradstein et al., 2012), and have been included in the Castissent 

depositional sequences (Mutti et al., 1988), forming the lower and middle sequences of the 

Tecto-Sedimentary Unit 3 (TSU-3 of Remacha et al., 2003; Figure 3-8). Particularly, the western 

edge of shelf sediments laterally equivalent with the Castissent Fm s.s. is found in this area 

(Nijman and Nio, 1975), mostly showing delta front facies (Mutti et al., 1996; 2000) passing 

transitionally to slope thin-bedded turbidites, included in the San Vicente Fm of the classical 

Leiden Dutch School (1960-1985; see Van Lunsen, 1970 as an example) (Figure 3-7). 

 
 

Figure 3-6. Paleogeographic sketches of the Montanyana deltaic complex in the Tremp-Graus basin 
containing the Castissent sequences (upper Ypressian to lower Lutetian). Redrawn after Nijman, 1998 

[A] and Marzo et al., 1988 [B]. 
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The Castissent Group strata (including Castissent-1 and Castissent-2 depositional sequences) 

deposited overlying the previous Montañana or Castigaleu sequence (Mutti et al., 1984; 

1985a; 1988). It can be regarded as a second-order unit, bounded by stratigraphic 

unconformities and their relative paraconformities, roughly mapped along the entire eastern 

and central sectors of the Eocene South-Central Pyrenean Basin by Mutti et al. (1984, 1988). In 

addition to the overlying Santa Liestra Group, it has been encompassed in the Tecto-

Sedimentary Unit 3 (Remacha et al., 2003) (Figures 3-7 and 3-8).  

 
Figure 3-7. Regional stratigraphic cross-section showing the main unconformity-bounded units forming 

the fill of the South-Central Pyrenean Basin. After Mutti et al. (1988).  
 
 

The lower succession of the TSU-3 consists of two third-order depositional sequences named, 

from base to top, Castissent-1 and Castissent-2 (hereinafter abbreviated as Cs-1 and Cs-2) 

(Mutti et al., 1988). In the study area, the lower boundary of the Cs-1 sequence, and therefore 

the basal surface of the TSU-3, is clearly manifested by the Atiart unconformity (Soler-Sampere 

and Garrido-Megías, 1970, see Figures 3-9 and 3-10), and it has been associated with a 

southward propagation of the Montsec-Peña Montañesa thrust unit resulting in the 

movement of La Foradada fault, the formation of the Atiart thrust, and later on the onset of 

Los Molinos thrust and growing of the Mediano anticline (a salt dome at that time, named 
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Clamosa Dome by Teixell and Barnolas, 1995) (see text above and Figure 3-4). Over the Atiart 

unconformity, the stratigraphic succession of the Cs-1 sequence is mainly made of slope thin-

bedded fine-grained turbidites, included in a Type III system in the sense of Mutti (1985), or 

slope-fan system in classical sequence stratigraphy (Van Wagoner et al., 1988). This 

dominantly muddy unit developed transitionally above the Fosado turbidite channels in the 

footwall of the Atiart thrust (see Figures 3-3, 3-4 and 3-5).  

 

Figure 3.8. Synthetic stratigraphic log of the Ésera river valley showing the main lower Eocene 
lithostratigraphic units (data from Remacha and Zamorano, 1991, Zamorano, 1993; Remacha et al., 2003 
and Bentham and Burbank, 1996). Color code of lithostratigraphic units are equivalent with Figures 3-3. 
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Figure 3-9. Outcrop examples of the Atiart unconformity at the base of TSU-3. [A] Thin-bedded canyon-
fill turbidites cutting Castigaleu shelf deposits near the village of Atiart. [B] The Atiart submarine canyon 
expressed as an unconformable contact between TSU-3 turbidites and TSU-2 shelves along the road N-

240 towards the locality of Lacort. [C] Outcrop detail of the Atiart canyon in locality A. 
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Westward of the Boltaña anticline, and outside the study area, Cs-1 sequence shows its 

complete development through the sandy turbidite lobes of Torla, passing vertically into a 

thick mudstone wedge. This mud-rich turbidite wedge in the study area contains local small 

channel-overbank systems, with the channels being relatively narrow and shallow, and 

showing a vertical decrease of their sand content towards the top (Figure 3-11).  

Some mass-transport deposits (MTD’s) in relatively chaotic units have also been observed, 

corresponding to gravitational failures of sediment deriving in mud-flow to debris-flow facies, 

and in some occasions in hyperconcentrated flows (Obradors-Latre, 2012). These latter 

sediments alternate with the channel-overbank deposits described above in the lowermost 

units of the Castissent sequences. All these facies are thought to be part of a lowstand systems 

tract (Davoli et al., 1991; Mutti, 1992) and specifically slope fan deposits filling the Atiart 

submarine canyon, and can be physically related with up dip prograding delta front sandstones 

(distal equivalent to the Castissent Fm), which progressively replace slope turbidite deposits in 

a clear shallowing-upward succession (Figure 3-11). Both delta front sandstone lobes and slope 

fan turbidites have been related to hyperpycnal flows associated with river floods (Mutti et al., 

1996, 1999, 2000). Recent evidences have been provided to demonstrate this origin, especially 

in channel-overbank units close to the shelf-edge (Poyatos-Moré, 2009; Remacha et al., 2011). 

 

Figure 3-10. 3D diagramatic sketch showing the angular geometries of the Atiart unconformity between 
the Castigaleu sequence (TSU-2) and the Castissent-1 Sequence (TSU-3) and its relationship with the 

lateral ramp complex of the South-Central Pyrenean Unit, expressed by the Sierra Ferrera thurst and La 
Foradada Fault. The unconformity becomes deeper towards the W. The Atiart thrust is also shown, 

directly affecting the evolution of this unconformity. 
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Figure 3-11. Panoramic view and sketch of the Castissent-1 depositional sequence within the study area, 

showing the relationship between the Castissent Fm and the Fosado-Torla turbidite system, with 
outcrop examples belonging to different parts of the same sequence: [A] thick-bedded turbidites near 
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Fosado, [B] the Fuendecampo thin-bedded wedge, [C] deltaic sandstone lobes in the road to 
Tierrantona, and [D] fluvial channels in Santo Cristo area (modified after Remacha et al., 2003). 

 

3.4. The intra-Castissent sequence boundary  

The contact between Cs-1 and Cs-2 (Figures 3-3 and 3-8), since its first definition by Mutti et al. 

(1985), has been always a matter of discussion and controversy. In the Jaca basin it is 

manifested by an abrupt facies change between the Torla and Broto turbidite systems 

(Remacha, 1983). This facies change is subtly accompanied by the onlap termination of the 

basal strata of the Broto system onto the fine-grained thin-bedded turbidites that culminate 

the Torla system. Within the Ainsa basin, this unconformity is recorded at the base of the Arro 

channels, which also show a progressive wedging at the base, through a progressive landward 

onlap (Millington and Clark, 1995; Remacha et al., 2003). This backfilling of the Cs-2 succession 

is even more evident in the Charo region, where turbidite strata infill a large-scale submarine 

erosion, interpreted from Mutti et al., (1985) as the eastern margin of a submarine canyon, 

named Charo-1. Between the Charo-1 canyon and La Foradada Fault, the continuation of the 

lateral equivalent surface of the canyon has been always a matter of discussion (Davoli et al., 

1991; Mutti, 1992; Boya, 2011) (Figure 3-12).  

 

Davoli et al. (1991) and Mutti (1992) proposed a prolongation of the Charo-1 unconformity 

towards the road HU-V-6442 between La Nata river and Tierrantona locality (Sections 8 and 9 

in Figure 3-12), but its mapping extension towards La Foradada region was never clearly 

indicated. According to the last mentioned authors, the Charo-1 unconformity would record an 

"out-of-sequence" boundary with respect to the "classical" sequence stratigraphy concepts, 

due to the tectonic control exerted by the lateral ramp complex of the South-Central Pyrenean 

Unit. Those authors also suggest that this boundary would coincide with a transgressive 

surface over which a transgressive systems tract lies (Castissent-2 depositional sequence), 

without any evidences of shelf lowstand deposits in the area that, in any case, would always 

belong to the underlying Cs-1 sequence. Accordingly, Cs-1 sequence would not therefore 

develop a transgressive systems tract, or this would not have been preserved due to the highly 

erosive behavior of the Charo-1 sequence boundary, associated with the feeding submarine 

canyon of one of the sandiest turbidite systems in the South-Pyrenean Foreland Basin: the 

Arro-Broto turbidite system. 

 



Chapter 3  Geological Setting and Previous Works 

52 

 

 

Figure 3-12. Stratal correlation pattern of the Castisent Allogroup in the Tierrantona-Charo area, 
showing a complex superposition and alternation of depositional systems that indicate an overall 

westward transition from fluvial to turbidite facies, via deltaic and shelfal deposits. The Castissent strata 
show an internal unconfomity (asterisk) which would be correlative, in a landward direction, with the 
transgressive surface of the 3rd-order Castissent cycle. This unconformity is expressed by the infill of a 
tectonically related, large-scale submarine erosional feature (Charo-1 canyon), which cuts deeply into 

both the underlying Castisent prograding deltaic sediments and overbank deposits, and would represent 
the expression of the lower boundary of the Arro-Broto system interpreted as an out-of-sequence 

turbidite system. Scanned from Davoli et al. in Mutti (1992). 

 
In the upper part of the study area, the Cs-2 sequence succession starts with similar facies to 

those observed on top of the previous sequence, i.e. delta front sandstone lobes interbedded 

with some turbidite facies developed mainly to the west of the zone (Figure 3-12). This 

dominantly sandy succession becomes rapidly muddier towards the top, evidencing its 

dominant transgressive pattern, until it becomes cut by the upper sequence boundary which 

separates the Cs-2 sequence with the overlying deposits of the Santa Liestra sequence (Figures 

3-8 and 3-12). This upper unconformity forms the southern margin of the study area, and it has 

not been studied in detail in this work (see Boya, 2011 for more details). It was well defined by 

Mutti et al. (1988) and also recognized by Zamorano in Barnolas et al. (1991), and it displays 

another large-scale submarine erosion developed between the Lascorz locality and the Charo 

region, forming the Charo-2 or Lascorz canyon (Figures 3-4, 3-5 and 3-12). This unconformity, 

in turn, is correlative with the basal surface of the Gerbe-Cotefablo turbidite system (Remacha 
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et al., 2003), located far basinward (Figure 3-7). Its extension to the eastern part of the study 

area is located on top of the first Campanué conglomerates (Garrido-Megías, 1968), and it can 

be equally extended even further to the Isábena valley and with less reliability until the region 

near Pont de Montanyana, where the continental termination of the Castissent Fm strata is 

found (Oms et al., 2000; Bosch, 2000; Blanchar, 2008), in the Ribagorçana valley (Figure 3-7).  

Thus, it is important to note that the uppermost part of the Castissent sequences succession 

overlaps with northern-sourced alluvial fan deltas, whose sediments interfinger with the main 

eastern-sourced orogen-parallel fluvio-deltaic system (Boya, 2011, Remacha et al., 2011; 

Poyatos et al., in prep.). These alluvial sediments are the first expression of the Santa Liestra 

fan delta complex (Crumeyrolle and Mutti, 1986; Mutti et al., 1988; Weltje et al., 1996; Clevis, 

2003), which represents one of the main continental entry points of sediment in the Eocene 

succession of the south-central Pyrenees, being active during upper Ypresian and Lutetian 

times (Figures 3-3, 3-4 and 3-5) (Payros et al., 2009). This alluvial sediment supply largely 

conditioned sedimentation and ordering of the uppermost cycles of the Castissent 

depositional sequences (Nijman and Nio, 1975; Nijman, 1998; Blanchar, 2008; Caja et al., 2010; 

Boya, 2011; Poyatos et al., 2013), and its stratigraphic position perfectly correlates with a 

newly produced U-Pb and ZFT dating from Ypresian sediments (Witchurch et al., 2011; Roda, 

2012). These data extend the period during which orogen-parallel sediment routing systems 

persisted in the south-central Pyrenees to include the Ypresian, and appear to have ceased 

around the Ypresian- Lutetian boundary (47.84 Ma; Gradstein et al., 2012), during which 

orogen-transverse systems became more established. These latter works highlight the role of 

the Castissent sequence feeding systems as a major sediment source of the South-Pyrenean 

Foreland Basin sedimentation during the lower Eocene (Poyatos-Moré et al., 2013). 

 

3.5. Chronostratigraphy of the Castissent Sequences 

Lower Castissent section 

As mentioned before, the Atiart unconformity cuts down outer shelf deposits of the Castigaleu 

sequence (Figures 3-3, 3-5 and 3-9), which contain Ypresian nummulitids of the SBZ10 Zone 

(early Cuisian, Schaub, 1981). The basal surface of this submarine canyon is filled with thin-

bedded turbidites alternating with mass-transport deposits of the lower Cs-1 sequence 

(Fosado-Torla turbidites, see Figure 3-11), displaying onlap geometries over the submarine 

erosion surface (Figure 3-10), and overlain by a progradational shelf-margin delta (Remacha et 

al., 2011), included in the Castissent Formation (Nijman and Nio, 1975) (Figures 3-4 and 3-5).  



Chapter 3  Geological Setting and Previous Works 

54 

 

 

Figure 3-13. Geologic timescale encompassing the lower Eocene stages involved in the Castissent 
sequences with paleomagnetic chrons and main biostratigraphic zonations (after Gradstein et al., 2012). 

 

Nummulites samples collected close to the village of Fosado gave nummulitids from the 

Ilerdian-Cuisian transition (SBZ8 to SBZ10, Schaub, 1981), highlighting the strong erosive 

behaviour of the Fosado channel incorporating shelf sediments from the underlying units 

(Figures 3-4 and 3-5) (see Obradors-Latre et al., 2013). These shelf fragments may have given 

the oldest ages to samples. In the lower and upper boundaries of the Castissent Fm (in the 

Charo region, see Figure 3-3), samples have given N. pustulosus, N. burdigalensis kuepperi, N. 

burdigalensis cantabricus, N. tauricus, N. escheri, Assilina laxispira, and A. placentula (Payros et 

al., 2009), a typical biostratigraphic association of SBZ11 Zone (Figure 3-13, middle Cuisian), 

coinciding with the previously described appearance of Discoaster lodoensis (NP13 Zone, 

Martini, 1971) in the Castissent Fm (Marzo et al., 1988). 
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In Los Comunes area (Figures 3-3 and 3-14), the lower part of Perarrúa Fm has provided N. aff. 

manfredi, A. placentula i A. aff. parva (Payros et al., 2009), still considered as belonging to 

SBZ11 Zone, whereas samples of the uppermost Perarrúa Fm were typified by N. campesinus, 

N. praelorioli, N. aff. escheri, A. maior i A. cuvillieri , characterizing the SBZ12 Zone (Tosquella, 

1995; Tosquella and Serra-Kiel, 1998) (Figure 3-13). An outcrop sampled close to La Nata river 

within the Arro turbidites has also shown assemblages from SBZ12 Zone (late Cuisian, Serra-

Kiel et al., 1998), with N. manfredi, N. quasilaevigatus, N. campesinus and A. maior (Schaub, 

1981). 

 

Upper Castissent section 

The Charo-2 / Lascorz turbidite canyon (lower Santa Liestra sequence, see Figure 3-8) is filled 

by slumps, debrites and turbidites (see Mutti et al., 1985a; Barnolas et al., 1991; Millington 

and Clark, 1995), whose age has been always a matter of discussion and controversy. The 

study of some samples by Kapellos and Schaub (1973) and Schaub (1981), close to the 

Tierrantona locality (see location in Figure 3-3) gave N. manfredi, N. quasilaevigatus. N. cf. 

praelorioli, N. friulanus, N. aff.subramondi, N. praediscorbinus, Ass. maior, Ass. cuvillieri and 

Alveolina violae, typycal from the SBZ12 Zone (late Cuisian, Tosquella et al., 1996), and 

Discoaster sublodoensis, nannoplankton defining the CP12a or NP14a subzones (Martini, 1971; 

Okada and Bukry, 1980; see Figure 3-13). However, later on, some samples studied by 

Tosquella (1995) contained within the same Charo-2 canyon showed nummulitids from more 

than a single SBZ Zone, as N. campesinus, N. praelorioli, A. maior and A. cuvillieri, representing 

the SBZ12 zone, and N. laevigatus, N. aff. messinae, N. britannicus and A. aff. maior, typical 

from the lower SBZ13 Zone, and A. spira abrardi, which characterizes the upper part of SBZ13 

Zone (early Lutetian, Serra-Kiel et al., 1998). 

This mixture of biozone representatives in the Charo-2 succession has been interpreted as a 

consequence of the erosive behaviour of sediment-laden gravity flows during their movement 

downslope (Payros et al., 2009). During its motion through the submarine canyon, the main 

flows may incorporate sediment from the previously deposited shelf substrate (in this case the 

top of Cs-2 sequence). Thus, the youngest age interpreted from biostratigraphy has been taken 

as indicative, since it provides the oldest possible age for Charo-2 canyon-fill deposits, in this 

case early Lutetian, taken from the study carried out by Tosquella (1995). Besides, in order to 

clarify this uncertainty, Payros et al. (2009) collected a series of calcareous nannofossils from 

marly beds alternating with thick-bedded and coarse-grained sandy turbidites from the lower 
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part of the Charo-2 canyon-fill (close to the San Salvador church, near Charo, see location in 

Figure 3-14). These samples show, among older specimens, Discoaster saipanensis and 

Nannotetrina fulgens, from the CP13a subzone, in the early Lutetian (Okada and Bukry, 1980). 

 

 
 

Figure 3-14. Simplified geologic map of the area between the Lanata and Ésera rivers (Payros et al., 
2009). Two major truncation surfaces (bold broken lines), named Atiart (At) and Charo (Ch) canyons 
(encircled letters), delimit the Y/L boundary interval in the Lanata area. Another truncation surface 
occurs near Besians in the Esera valley (Besians canyon). Larger foraminiferal SBZ and calcareous 
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nannofossil CP Zones in italics are data from Kapellos and Schaub (1973) partly reinterpreted, whereas 
those in bold are data from Payros et al. (2009). 

 

The early Lutetian age assigned to Charo-2 turbidites proposed by Payros et al. (2009) seems 

to agree with magnetostratigraphic data presented by Holl and Anastasio (1993) from 

Ypresian-Lutetian deposits at both sides of the Mediano anticline (SW of the study area, see 

location in Figure 3-3) (Figure 3-15). In this work, authors present data from the Castissent and 

Santa Liestra sequences, and show that the sedimentary succession contained within the Atiart 

and Charo-2 unconformities (their boundaries 1 and 2, respectively) span from the 

geomagnetic polarity chron C22r (late Cuisian) to C21n (early Lutetian), and that the overlying 

deposits (Santa Liestra Group) also belong to chron C21n (Figure 3-16). However, the exact 

location of these samples was not provided in the paper (op.cit.) so it has been impossible to 

check the localities in the field. 

 

 

Figure 3-15. Synthetic correlation with paleomagnetic results between both flanks of the Mediano 
anticline region (after Holl and Anastasio, 1993). 
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Another important reference of the work presented in these notes is the paleomagnetic study 

carried out by Bentham and Burbank (1996) in the Ésera valley (eastern margin of the study 

area, see location in Figure 3-3). The section sampled by these authors in the Ésera river 

(Figure 3-17) begins at the base of the Alveolina Limestone (Ilerdian age) and continues to the 

base of the Campanué conglomerates for a total thickness of 2300 m and 97 sampling sites. 

 

The Castissent sequences in the Ésera region 

The Ésera river section (Figures 3-8 and 3-18), located in the already described continental-

marine transition of the western margin of the Tremp-Graus basin, is characterized by an 

interbedding of northern-sourced alluvial sediments with those deriving from orogen-parallel 

fluvio-deltaic system (Montanyana delta, Nijman and Nio, 1975; Nijman 1998) located further 

to the east of the study area (see text above and Figure 3-6). Most of the Ypresian succession is 

represented by mud-dominated outer shelf to distal deltaic sediments (Figure 3-18), although 

sand bodies become progressively more abundant towards the top (Fígols and Castigaleu 

Groups, Nijman and Nio, 1975; Remacha and Zamorano, 1989; Barnolas et al., 1991; Serra-Kiel 

et al., 1994). In these lower deposits calcareous nannofossils representing NP12 and NP13 

Zones have been found, together with SBZ10 Zone nummulitids (Kapellos and Schaub, 1973). 

This findings were later confirmed by Serra-Kiel et al. (1994) and Tosquella (1995), who found 

SBZ10 Zone nummulitids to the base of the Castigaleu Fm (Figure 3-18) and SBZ11 assemblages 

towards the top. These upper Catigaleu shelfal sediments with SBZ11 specimens would be 

subsequently eroded to the west by the Atiart unconformity in the area between La Foradada 

and Atiart localities, as the lack of these specimens in the area suggests (see text above). 

Results from the paleomagnetic study carried out by Bentham and Burbank (1996) place these 

pre-Castissent sediments around the upper part of Chron C23 (middle Cuisian, Figures 3-8 and 

3-13). 

Directly above, the Castissent Fm consists in the Ésera valley in sandstones and mudstones 

representing distributary channels, mouth-bars and their associated overbank deposits in a 

marine embayment setting (Nijman and Nio, 1975; see Figure 3-8). This stratigraphic 

succession records a rapid deltaic progradation (Nijman and Nio, 1975; Friend et al., 1981; 

Marzo et al., 1988; Puigdefàbregas et al., 1989; Nijman, 1998; Clevis, 2003). In fact, as a result 

of this progradation, the stratigraphic sections located close to the west are characterized by 

the abrupt unconformity located below the Castissent strata (Atiart unconformity, see text 

above and Figures 3-9 and 3-10). Nummulitids sampled along this succession contained N. 
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burdigalensis cantabricus, N. burdigalensis pergranulatus, N. kapellosi, N. praelaevigatus, N. 

aff. manfredi, N. aff. planulatusand A. aff. cuvillieri (Tosquella, 1995), all of them indicating a 

SBZ11 Zone, coinciding with those observed in the western expression of the Castissent Fm 

close to the Charo region (see above, Payros et al., 2009) (Figure 3-18). Calcareous nannofossil 

assemblages presented by Kapellos and Schaub (1973) indicate NP13 Zone (Figure 3-13), 

whereas paleomagnetic results from Bentham and Burbank (1996) give to Castissent Fm 

deposits a marked inverse polarity (Figure 3-17). This inverse polarity was also confirmed by 

correlating the Ésera results with the Isábena Valley (15 km to the east of the study area) (op. 

cit.). Castissent Fm strata are therefore considered to be contained in the Chron C22r, 

although subsequent interpretations have placed the base of this chron slightly below the 

lower boundary of the Castissent Fm (Payros et al., 2009). 

 

 

 

Figure 3-16. Synthetic correlation with paleomagnetic results between both flanks of the Mediano 
anticline region (after Holl and Anastasio, 1993). See location in Figure 3-3. 
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Overlying the Castissent Fm deposits the Perarrúa Fm is found, in a mud-dominated offshore 

succession alternating with some outer shelf sandstones, which is interpreted as recording a 

transgressive event (Nijman and Nio, 1975; Friend et al., 1981; Barnolas et al., 1991; Nijman, 

1998; Barnolas et al., 2004). Nummulitid samples exhibit N. burdigalensis pergranulatus, N. 

praelaevigatus, N. aff. manfredi, A. laxispira i A. aff. cuvillieri, characterizing a SBZ11 Zone 

(Tosquella, 1995; see also Kapellos and Schaub, 1973; Schaub, 1981), and nannofossil 

assemblages of Discoaster sublodoensis (Kapellos and Schaub, 1973), that would record the 

transition between NP13 and NP14 Zones (Martini, 1971; see Figures 3-13 and 3-18). 

According to paleomagnetic results presented by Bentham and Burbank (1996), the lower part 

of the Castissent unit shows a inverse magnetic polarity, relative to Chron C22r, whereas the 

upper part is mainly characterized by a clear normal polarity, belonging to Chron C22n, and 

finally some inverse polarity samples correlate with the Chron C21r on top (Figure 3-17).  

 

The conglomeratic succession on top of the Ésera valley succession derives from a prograding 

northern-derived fan-delta (see text above), whose sediment source comes from the uplifting 

Pyrenean reliefs located northwards of the study area, constituting the Campanúe Fm 

(Garrido-Megías, 1968; Nijman and Nio, 1975; Friend et al., 1981; Crumeyrolle, 1987; De Boer 

et al., 1991; Peper and De Boer, 1995; Weltje et al., 1996; Nijman, 1998; Mutti et al., 2000). 

The lowermost nummulitid samples recorded in this unit yielded N. campesinus, N. praelorioli, 

N. quasilaevigatus, N. manfredi, N. aff. messinaeand A. maior, characterizing the SBZ12 Zone 

(Schaub, 1981; Tosquella, 1995), together with calcareous nannofossils belonging to CP12a 

subzone (Kapellos and Schaub, 1973) (Figures 3-13 and 3-18). Southern equivalents of the 

upper Campanúe Fm, south-east of the study area (Besians-Perarrúa area), formed by marls 

and delta front sandstones of the Perarrúa Fm (Crumeyrolle, 1987; De Boer et al., 1991; Peper 

and De Boer, 1995; Weltje et al., 1996; Mutti et al., 1996; Nijman, 1998; Mutti et al., 2000) 

show in turn SBZ12 and SBZ13 Zone nummulitids (Schaub, 1981; Tosquella, 1995; Figure 3-18) 

and calcareous nannofossils from the CP12b subzone (Kapellos and Schaub, 1973), contained 

in turn within the Chron C21n (early Lutetian, Bentham and Burbank, 1996) (Figures 3-13 and 

3-17).    
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Figure 3-18. Ésera river sections in the Navarri-Campanué and Besians-Perarrúa areas (see location in 
Figures 3-3 and 3-14), slightly modified after Payros et al. (2009). Biostratigraphy data from Kapellos and 

Schaub (1973), Schaub, 1981, Serra-Kiel et al. (1994), Tosquella (2005) and Payros et al. (2009). 
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4. METHODOLOGY 

 

Methods used during this project, including office and mostly field work, were previously 

decided and planned in a workflow with fundamental steps that were strictly followed and will 

be explained in this chapter. These steps included a first extensive bibliographic revision (in 

progress along the entire project) of previous studies done in the area, updating them to the 

results and conclusions of some new ones, and also complementing them with interesting 

papers from other basins with different settings in order to set the main objectives of this work 

(see Objectives). Once these objectives were defined, and the area extension was constrained, 

I was proceeded to obtain a detailed geologic map (see Addendum), combining photo-

stratigraphic and field mapping procedures, in order to frame the stratigraphic study by 

defining different units and equivalences with a chronostratigraphic value. Then, the best 

stratigraphic positions for logging of stratigraphic sections were selected, from the previous 

main sand bodies and muddy units physically correlated. After the compilation of data from 

the logging of stratigraphic sections, data were processed and interpreted. It was possible to 

integrate the fieldwork with a magnetostratigraphy study, and the location and collection of 

paleomagnetic samples was achieved in order to solve a chronostratigraphic controversial 

point regarding the intra-Castissent boundary (see Stratigraphy). Finally, after a short stay of 

research in some UK universities (Liverpool and Leeds), the results of the main study in the 

Ainsa basin were extended with other areas with different geological settings in order to test 

the exportability of depositional models proposed and offer a wider range of application.    

 

4.1. Bibliographic documentation 

Several works have been consulted along the entire project, including papers, book chapters 

and conference proceedings and abstracts, most of them related with the topic of shallow-

marine deposits and shelf deltas (see Introduction). An especial emphasis has been made on 

those works concerning regional geology but also some other relatively analogue cases in 

different basins (Eocene Spitsbergen, Permian Karoo, Jurassic Neuquén, Apenines, Book Cliffs, 

Magallanes ...etc.), some of them with different structural settings than the South-Pyrenean 

Foreland Basin. Of all these works, around 600 have been selected as particularly relevant and 

added in a scientific and bibliographic database using EndNote®. 
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4.2. Data collection 

The collection of data for the present work has been carried out mostly following fieldwork 

methods, but also from public available data sources (Integrated Ocean Drilling Program). 

Tasks performed have been oriented to obtain fundamental documents to build a general 

stratigraphic framework. Concerning data collection in the Castissent sequences, the 

performance of a high-detail mapping has been emphasized at the beginning of the field data 

collection; this first important cornerstone has been used as a general frame to select the best 

stratigraphic position for logging of stratigraphic sections and to physically correlate the main 

sand bodies and muddy units; at the same time, it allowed to set the best location of 

paleomagnetic samples for a magnetostratigraphic study, whose collection was later achieved 

during two sampling campaigns (see text below). 

 

 

 
Figure 4-1. Geologic Map of the Castissent depositional sequences between the Esera River valley (E) 

and the Sierra de Arro (W), showing the transition from fluvio-deltaic (reddish) to slope turbidite 
deposits (blue), through deltaic and shelf sediments (yellow and green). The names and position of the 

main tectonic structures are also indicated. A bigger version of the map can be consulted in the 
Addendum. 
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4.2.1. Geologic mapping  

A highly-detailed mapping has been obtained, in a 1:5000 scale, focusing the outcrop 

extension of Cs-1 and Cs-2 sequences between the Ésera River and the Sierra de Arro, with an 

areal coverage of aprox. 30-35 km2 (Figure 4-1, see Geologic Maps in Addendum). The 

confection of the geologic map started with a preliminary photo-stratigraphic study (Sgavetti, 

1991, 1992), over high-resolution satellite images (PNOA cedido por ©Instituto Geográfico 

Nacional de España). According to the techniques proposed by Sgavetti (1991, 1992), photo-

stratigraphy can be taken as a first step to obtain an early physical correlation frame with a 

relative chronostratigraphic value. The most relevant and interesting horizons, each one with a 

different image texture that gives their observable expression (particularly referring to hard 

rocks), once verified in the field, can obtain a real geologic sense. This photo-stratigraphic 

interpretation has been performed through a line drawing, and inserted into a GIS database 

with the MaPublisher® program after the drawing with Adobe Illustrator® (Figure 4-2).   

 

 

  

Figure 4-2. Steps followed in the performance of the geologic map of the Fosado Channel: [1] Request of 
available high-resolution satellite image of the area (PNOA cedido por ©Instituto Geográfico Nacional 
de España). [2] Photostratigraphic line drawing, highlighting those levels with clear image attributes 

(mostly hard rocks). [3] Temporary subdivision of informal units according to their image attributes. [4] 
Verification of horizons and units in the field and completion with other information collected. 

1 2 

3 4 
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Once this preliminary work was done, it has been proceeded to verify this previous data over 

the field, and to define the geological features and characteristics of the mapped horizons. 

Each major level has been followed and tracked using a GPS device (Garmin eTrex®). A first 

recognition of the main lithological units was also attempted, particularly highlighting those 

muddy intervals whose lateral extension along the study area allow a good control on 

correlation, as well as the most clear sandy intervals, trying to recognize the major lateral 

facies changes, all of them coupled with a good definition and track of the main tectonic 

structures. Once all this data were revised and verified, the definitive drawing of the geologic 

map was carried out, and the result can be seen in Figure 4-1, (see also Geologic Map in 

Addendum) although for scaling reasons the expression of the original map has been 

importantly reduced, affecting the final detail shown.           

 

4.2.2. Logging of stratigraphic sections 

Several stratigraphic sections were logged in the ideal emplacements observed and decided 

after the extensive mapping work (Figure 4-3). Logs are considered as the physical expression 

of vertical stacking of sedimentary rocks in a local and reduced area (local section in 1D). The 

measuring and subsequent correlation of different columns along the outcrops offered 

throughout the entire study area allowed obtaining a general stratigraphic framework with 

different lateral relationships between different strata sets. Stratigraphic logs also provided 

sedimentological data really recognizable that allow in turn their interpretation in terms of 

transport and depositional processes (see Facies Analysis). The coverage and extension of the 

measured logs has been considered in order to allow a good definition and application of 

sequence stratigraphic concepts. Twenty-two (including partial and composite sections) highly-

detailed (measuring beds with minimum thicknesses of 5 cm) sections were logged, for a total 

thickness up to 5000 meters (see location map in Figure 4-3). In the subsequent representation 

of sections, mainly using Adobe Illustrator® but also other supporting graphic programs as 

SedLog® and Inkscape®, it has been paid special attention to georeferenced key points and 

surfaces (main sandy packages of cycles, highly-fossiliferous layers, location of important 

outcrops, samples, pictures ...etc.), in order to simplify the adjustments of horizons mapped in 

the previous photo-stratigraphic procedure from satellite images with those from real field 

mapping, thus providing tools for the following stage of correlation panel production (see 

below).               
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The logging of stratigraphic sections was tried to be performed in a high detail (Figure 4-4), i.e., 

layer by layer, recording every single division observed, especially when logging of turbidite 

beds located in the lower units of the Castissent sequences (e.g., the Fosado Channel). 

However, these latter tasks are not always possible to be graphically reflected in this report 

due to format constraints, although all data is going to be stored and available to consult in the 

Departament de Geologia of the Universitat Autònoma de Barcelona, as well as the SIG 

processing of the geologic map and the location of different units, logs and samples collected. 

Concerning paleocurrent values, measurements have been collected in different layers and 

positioned among the sections, and they have been plotted directly over a horizontal plane in 

the field using Stereonet® (see Figure 4-3). As already said, the location and drawing of 

stratigraphic sections were especially designed following a genetic perspective for the 

subsequent correlation panel and facies tract definition (see below), highlighting those major 

bounding surfaces which correspond to hierarchical genetic units, always according with those 

already mapped, but sometimes adding new ones to those previously defined.               
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Figure 4-4. Example of legend of stratigraphic logs used in the study of the Castissent Sequences. 
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4.2.3. Correlation panels 

The production of different correlation panels (Figure 4-5) has been based on main guidelines 

(first-order correlation), obtained from the intersection between key horizons from detailed 

mapping and those tracks followed while measuring the stratigraphic sections, thus obtaining 

the main chronostratigraphic framework as a major reference. Once identified unconformities 

with different importance and extension, it has been proceeded to set their hierarchical 

classification, following high-resolution correlation methods suggested by, among others, 

Remacha and Fernández (2003). Units were segregated in relation with their bounding 

surfaces, ordered from major to minor basinal implications in large-scale depositional 

sequences (ls-CDS), small-scale depositional sequences (ss-CDS) and elementary depositional 

sequences (EDS) (see below). Once defined the high-resolution framework deriving from direct 

field observations and sorting of different unconformities, it has been decided to show and 

highlight those attributes considered important, combining both lithological and facies criteria, 

in order to complete and define the sequence stratigraphy of the study area.   

 

 

Figure 4-5. Stratigraphic cross-section of the upper deposits of the Castissent-1 sequence, with the 
Foradada fault displacement restored and the datum placed on top of Unit C5. See location and 

orientation in Figure 4-3. A bigger version of the panel can be consulted in the Addendum.  
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4.2.4. Subsurface data of the study area and other analogue cases 

It has been attempted to interpret and revisit available subsurface data from the study area 

and other analogue cases in order to establish differences deriving from the limitations of 

seismic-based methods against outcrop-based studies. It has only been possible to work in 

detail the SP-84-16 and SP-84-10 seismic lines (acquired from ENIEPSA in 1984 during the 

seismic campaign Sur Pirenaica SP84) of the Ainsa basin (data obtained from public availability 

in the Geophysical Information System [SIGEOF] of the Instituto Geologico y Minero de España) 

although, in cooperation with Salvador Boya, an exhaustive revision of previous results an 

interpretations from the CAMPANUE-1 exploration well (operated by ENPASA on 1966, 

consultation permits obtained from Archivo Técnico de Hidrocarburos, Ministerio de Industria, 

Energia y Turismo), located very close to the study area (2 km to the SE) (Figures 4-1 and 4-3), 

has also been achieved (see Addendum).  

Regarding the work done in the New Jersey shelf margin, public subsurface data from the IODP 

Expedition 313 was collected and interpreted, including seismic reflection (partially supplied by 

the Seismic Data Center Team, University of Texas), well data and core images (Figure 4-6).   

Figure 4-6. Oc270 dip line 529 obtained during the IODP Expedition 313 and used for the study of the 
New Jersey margin clinoforms. Interpreted seismic sequence boundaries are labaled, and research 

boreholes M0027A, M0028A, and M0029A are shown (from Mountain et al., 2010). 

 

4.3. Data study and interpretation 

Data analysis has been challenged following a two-way criterion. On one hand, descriptive 

methods were used to characterize facies from their observable attributes (Figure 4-4). Beyond 

this level, a first interpretation of these facies in terms of transport and depositional processes 

has been attempted, following time lines previously established in the correlation panel or 
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within bed sets strictly temporally equivalents. Besides characterizing different facies from a 

descriptive and genetic point of view, facies associations and cyclical stacking patterns were 

also defined, according with sequence stratigraphic concepts, and an ideal depositional model 

has been proposed. All tasks performed accurately and described above have allowed 

presenting the results in the Facies Analysis and Stratigraphy chapters of these notes (see 

chapters below). 

 

4.3.1. Facies Associations       

Facies associations allow establishing relationships between genetically associated strata, 

when their stacking agrees with the next definition: “a relatively conformable succession of 

genetically related strata, bounded by unconformities or their relative conformities”. These 

facies associations can be subdivided in a way that they can allow a better definition of facies 

groups within a sequence stratigraphy framework (Figure 4-7). In this work two different types 

of facies associations are considered: simple facies associations and hybrid facies associations. 

Simple facies associations 

These facies associations show a lateral and vertical succession produced by genetically 

associated processes, which characterize a specific depositional environment or a part of it, 

which either persists or changes following a gradual and thus predictable pattern. As a 

consequence, this pattern produces a facies association that can be explained applying the 

Walther’s Law. This type of facies associations does not necessarily have a specific stratigraphic 

signification in terms of sequence stratigraphy, and record the only possible sedimentary 

dynamics of a depositional environment with available space during relatively short periods of 

time, where accommodation changes can be disregarded.   

Hybrid facies associations and high-frequency sequences 

The aim of facies analysis and their facies associations requires the study of sediments within a 

sequence stratigraphy framework, starting with seismic scale sequences to reach the scale of 

high-frequency sequence stratigraphy. These different scale sequences are known, from lower 

to higher frequency, as small-scale depositional sequences (ssDS), which would correspond to 

fourth-order cyclicity, and elementary depositional sequences (EDS), referring to fifth-order 

depositional sequences, which in turn are thought to be the smallest sequences that can be 

observed in the field. These latter highest frequency cycles are established from combining 

different simple facies associations with a cyclical stacking pattern, to form hybrid facies 

associations (Figures 4-7 and 4-8).   
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Figure 4-8. Diagram showing the hierarchical ordering of different unconformities mainly according to 

their basinal implications and their corresponding stratigraphic units (after Mutti et al., 1994a). 

 

 

4.4. Magnetostratigraphy 

During the processing and interpretation of the obtained field data, a chronostratigraphic 

problem arose, concerning the controversial emplacement of the intra-Castissent boundary 

(see next chapter). In order to provide more evidences supporting the conclusions drawn from 

fieldwork, a paleomagnetic investigation was carried out, with the supervision of Drs. E. 

Remacha and O. Oms. Sampling from the base of the entire section of the hanging wall of the 

Atiart thrust (Atiart unconformity, see previous chapter and Addendum) until the lower part of 

the Santa-Liestra sequence took place along different measured and well-correlated sections 

(Sections 6, 7, 13 and 14, Figure 4-3) to finally record a composed section encompassing all 

Castissent depositional sequences (excluding the lowermost Fosado channel, which was 

impossible to sample due to time constraints), and profiting the good exposures provided by 

the Serreta and la Fueva valleys. The lowermost part of the Castissent sequences was sampled 
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close to the N-260 road from Campo to Ainsa, near Samper and Atiart villages (Section 7). The 

upper part of Castissent-1 and most of the Castissent-2 outcropping deposits were sampled in 

the HU-V-6442 road section (Sections 13 and 14) towards the village of Charo (close to La 

Fueva valley, see also Figure 4-9). The Lascorz section, encompassing the upper Castissent-2 

depositional sequence deposits, was sampled along the Charo-Lascorz road, between these 

two localities (uppermost Section 6) (see location in Figure 4-3).  

 

 

Figure 4-9. Satellite image showing the location of different paleomagnetic stations of samples collected 
along the study area (partial Sections 6 and 7, and whole Sections 13 and 14) (image from Centro de 

Información Territorial de Aragón©). See location in Figure 4-3 and justification of the emplacement of 
samples in the Stratigraphy chapter. 

 

Sampling was carried out directly on the rocks by drilling a minimum of three cores per site. 

Several lithologies including marls and sandstones were sampled. Blocks in slumped deposits 

and debrites in the lowermost channels were avoided for this study. Sampling was carried out 

by using a petrol powered drilling machine and an electrically powered drill (Figure 4-10). 42 

stratigraphic levels (stations) were sampled for this study, involving up to 120 samples. 

Measurings were carried out by Dr. Oms at the paleomagnetism laboratory of the SCT UB at 

ICTJA CSIC.  

FIRST FIELD SEASON 
SAMPLES 
 

SECOND FIELD 
SEASON SAMPLES 
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Remanence, bulk susceptibility and few rock magnetic experiments were measured. 

Remanence was measured with a shielded triaxial cryogenic magnetometer (2G). Remanence 

was measured in three different positions of the sample, and background noise was also 

measured before and after remanence. A stepwise thermal demagnetization was applied to 

each sample after measuring the Natural Remanent Magnetization (NRM) at room 

temperature. Demagnetization followed a program of up to 13 steps that were closer at 

temperatures between 300 and 345˚C. The maximum temperature applied was generally of 

390˚C (occasionally up to 560˚C), since at higher temperatures remarkable susceptibility 

increases were observed and magnetization got a spurious behaviour. 

 

     

Figure 4-10. Pictures showing the technical equipment used with Dr. Oms during collection of 
paleomagnetic samples in the field and examples of sample locations along the study area. 

 

In general, a rather regular sampling spacing was achieved (for more details, see 

paleomagnetic analysis in Stratigraphy chapter), taking into account that some spans of the 

section were covered or too isolated and thus they could not be sampled. This lack of data has 

been overcome, however, due to the detailed field mapping (Figure 4-1) and the completion of 

high-resolution correlation panels (Figure 4-5). 

 

4.5. Discussion and comparison with other relatively analogue cases 

During the PhD project, there was the opportunity to have a short stay of research along 

different universities of the United Kingdom. In cooperation with Dr. Stephen Flint (University 

of Manchester) and Dr. Dave Hodgson (University of Leeds), it has been assessed the 

exportability of the knowledge acquired from the depositional models and controlling factors 

proposed for the Castissent shelf margin deltas to other relatively analogue cases, belonging to 

different settings: a subsurface-based study of Miocene deltaic clinoforms (New Jersey shelf 

margin, USA), developed mainly in the universities of Liverpool and Leeds from available public 

data of the Expedition 313 of the Integrated Ocean Drilling Program (Poyatos-Moré and 
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Hodgson, 2012), and a short comparison of the New Jersey results with an outcrop-based 

study in the shelf-margin deltas of the Permian Waterford Fm (Karoo basin, South-Africa), as 

part of a 2-month field work season assisting the PhD project of Dr. George Jones (Jones et al., 

2013b) (Figure 4-11).     

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-11. Satellite image with the location of the different areas studied in this work and the main 
objectives achieved in each case. The main study area is set in the Ainsa basin, concerning the physical 

stratigraphy and facies analysis of a tectonically-dominated high-gradient shelf-margin deposition in the 
Eocene strata of the Castissent sequences. Due to the existence of the IODP Expedition subsurface 

dataset, it has been possible to study a set of Miocene deltaic clinoforms in a passive margin deposition 
along the New Jersey shelf. Finally, a comparison with an outcrop-based project in the Karoo basin 

(South Africa) is proposed, concerning a relatively passive shelf margin and low-gradient system in the 
Permian Waterford Fm shelf deltas, along 3 depositional dip profiles with a good lateral control on 

sediment distribution and lateral margin variability. 

AINSA BASIN (SPANISH PYRENEES)
Sedimentology and sequence stratigraphy 
of Ypressian deltaic lobes and their 
equivalent proximal (Castissent Fm) and  
distal (Fosado-Torla turbidites) deposits. 

NEW JERSEY (USA)
Trajectories, geometry and 
facies of Miocene clinoforms in a 
passive shelf-margin, integrating 
seismic, well logs and core data. 

KAROO BASIN (SOUTH-AFRICA) 
Facies distribution, clinoform architecture 
and lateral variability in the shelf-margin 
deltas of the Permian Waterford Fm.
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5. FACIES ANALYSIS 

 

5.1. Overview 

In this work, facies analysis is considered in two different levels, essentially following the same 

approach for turbidite facies developed by Mutti (1992). The first considered level is mainly 

descriptive and subdivides sedimentary successions on the basis of readily observable 

attributes forming single beds and reduced groups of beds. These attributes include thickness, 

lithology and textural properties, geometrical parameters and internal structures, together 

with other features of primary character. All these attributes describe cm to m-thick packages 

of relatively similar beds forming distinctive units that can be individualized attending 

differences of lithological properties within a sedimentary succession. 

Moreover, the second level goes further and should be considered as a process-oriented 

approach. In this second level, facies are considered as genetically-related units, and it is trying 

to understand how a facies form and grades into each other (laterally and vertically). Facies 

sequences within the second level are forming vertical genetic facies associations and this 

section will be therefore clearly oriented to the interpretation of their depositional 

environments and also to establish the basic building blocks of the sequence stratigraphy 

framework within a hierarchical order. Hierarchy of cycles starts from the elementary units 

formed by single beds (in the sense of Campbell, 1967), i.e. the elementary genetic facies 

assemblage, or strictly time-equivalent groups of beds forming high-frequency (short-lived) 

depositional systems. The latter combine building high-resolution depositional sequences, in 

which facies associations stack, bounded by lower-frequency discontinuities. 

Following the genetic approach of Mutti (1992), a facies tract is defined as the lateral 

association of genetic facies that can be observed within an individual bed or a package of 

strictly time-equivalent beds. These time-equivalent beds are essentially forming sub-stages of 

growth as described by Mutti and Normark (1987). Consequently, these genetic sub-stages, 

and their component facies tracts, form elementary facies associations. After Mutti et al. 

(1994a) elementary facies associations build the highest frequency depositional sequences 

observed in the field, and these high-frequency depositional sequences combine into lower-

order units forming third-order systems tracts at the seismic scale of the classical sequence 

stratigraphy (Vail et al., 1977; Van Wagoner et al., 1988; Posamentier et al., 1988; Catuneanu 

et al., 2006, among others) regardless of the main controlling factor (either eustatic, tectonic, 

or a combination of them) (see Methodology and Stratigraphy, and Mutti et al., 1994a). 
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5.2. Facies types 

The detailed facies analysis studied in this work allows a primary classification based on four 

main groups, mostly according to the maximum grain size observed within single beds (Table 

5-1). Inspired in the purely descriptive facies classifications proposed by Miall (1978) and 

Ghibaudo (1992), the four main groups are: [a] gravel facies, including all beds containing from 

granules to boulders as the maximum grain size, and abridged with a code key G (first letter of 

the code); [b] sandstone facies, including those beds having very coarse to very fine sand as 

the maximum grain size, and abridged with a code key S, [c] mudstone facies, including the 

spectrum of grain populations from coarse silt to clay, which will be abridged with the code 

key M; and finally [d] carbonate facies, including mixed layers of sandy carbonates.  

a) G facies include clast-supported conglomerates (Gcs), clast-supported conglomerates 

grading to sandstones (GgS), sandy gravels (Gs), muddy gravels (Gm). Gravel grain sizes 

exceed 2 mm.  

b) S facies include massive sandstones (Ss), cross-bedded sandstones (Sx), normally-graded 

sandstones (Sng) and inversely-graded sandstones (Sig). Sand grain sizes range from 

0.0625 mm up to 2 mm. 

c) M facies include silt and clay streaked layers (Msm) and massive mudstones (Mm). Mud 

grain sizes include silt to clay particles, less than 0.0625 mm.  

d) C facies include mixed bioclastic sandy carbonate layers (Cbs) and carbonate-rich 

nummulitic layers (Cn). This group is classified according to their lithology and bioclastic 

content. 

In the first part of each group, a descriptive synthesis of all facies types will be presented. In 

addition, all the spectrum of facies has been summarized in a table format (Tables 5-1 to 5-5). 

Tables show the code assigned to each facies type, and then descriptions highlight features as 

for example average thickness, lithology, texture, main sedimentary structures, geometry and 

other characteristics of interest, as well as a brief interpretation of transport and depositional 

processes involved in the studied sediments. Occasionally, some similarities will be established 

with other facies interpretations proposed by different authors (e.g., Lowe, 1982; Mutti, 1992; 

Mutti et al., 1999; Tinterri, 2007; Zavala et al., 2011).  

Finally, to the end of the section, a particular reference to deformed levels and their associated 

mass-transport deposits and other types of chaotic units has also been included, since they are 

interpreted as having a particular importance in the sedimentation of the Castissent Fm.  
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GROUP 
CODE 

MAXIMUM 
GRAIN SIZE 

LITHOLOGY 
FACIES 
CODE 

G  Gravel 

Clast-supported conglomerates Gcs 

Clast-supported conglomerates grading into 
sandstones 

GgS 

Sandy gravels  Gs 

Muddy gravels (mud-supported) Gm 

S Sandstone 

Massive sandstones Ss 

Cross-bedded sandstones Sx 

Normally-graded sandstones Sng 

Inversely-graded sandstones Sig 

M Mudstone 
Silt and clay streaked layers Msm 

Massive mudstones Mm 

C Carbonate 
Bioclastic sandy carbonate layers Cbs 

Carbonate-rich nummulitic layers Cn 

 
Table 5-1. Table of different facies types and codes used in this chapter. Note that the first letter of the 

code always refers to the maximum grain size observed within each bed considered, and the other 
letters refer to different facies within the same facies group. Some facies types have been subsequently 

divided into sub-facies due to the complexity of their generating processes (see text below). 

 

5.2.1. Gravel facies (G) 

Regarless of the coarse-grained facies of the Fosado channel complex, located to the NW of 

the study area (see Geologic Map in Addendum), this type of deposits are forming relatively 

small volumes within the Castissent Fm, where they are practically restricted to the east of the 

study area. However, they have been also locally observed in distinctive mass-transport 

deposits of the San Vicente Fm and are dominant to the upper part of the Campanué Fm which 

crops out in the eastern zone of the study area (see Geologic Map and Correlation Panel in 

Addendum).  

Such deposits are mainly characterized by presence of very coarse-grained populations (grain 

sizes ranging from 2 mm up to 4 m). Their paleontological content is scarcer than sandstone 

facies and is mainly represented by fragments of bivalves and gastropods. They commonly 

show bioturbation and bored cobbles and pebbles by lithodomus. Paleocurrents are towards 

W-NW. 

G Facies may also include syn- to immediately post-depositional deformation, associated to 

liquefaction processes, showing a wide range of deformation rate. These last facies have been 

related to earthquake-induced vibration liquefaction processes by Remacha et al. (2011).  
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Gravel deposits observed in the proximal sections are summarized in Table 5-2 and some field 

examples are shown in Figure 5-1.  

 

GROUP 
CODE 

MAXIMUM 
GRAIN SIZE 

LITHOLOGY 
FACIES 
CODE 

G  Gravel 

Clast-supported conglomerates Gcs 

Clast-supported conglomerates grading into 
sandstones 

GgS 

Sandy gravels  Gs 

Muddy gravels (mud-supported) Gm 

 

Table 5-2. Table of different gravel facies (G) and codes used in this chapter.  

 

5.2.1.1. Clast-supported conglomerates (Gcs) 

Description 

This type of beds is not commonly found in the study area, with almost all examples just 

located eastwards of La Foradada Fault (see Geologic Map in Addendum and Figure 5-1). They 

are forming relatively small-scale lenticular units up to 50 cm-thick in the Castissent Fm, and 

are often amalgamated forming composite beds, underlying gravely sandstone bodies (Ggs 

and Gs facies), which will be described later. Besides, they have been also observed in the 

lower Campanué Fm, forming single or composite beds reaching up to 15 m in thickness. In 

both cases and more commonly in the Castissent Fm, irregular gutter-shaped erosions have 

been observed, as well as in less cases a rough imbrication of clasts is detected.  

These facies consist of clast-supported granules, pebbles and cobbles with a poorly sorted 

sandy matrix. Deposits tend to display non-stratified deposits and some cases with crude to 

more clear normal grading, and are commonly made of pebbles without matrix passing 

upwards into pebbles with poorly sorted sandy matrix. These facies are regularly forming the 

basal deposits of channelized features incised into mudstones, but other cases have been also 

recognized, partially overlying sandstones, in overall forming channel-fill accreting units, not 

always easy to determine due to the lack of good exposures, particularly to the east of the 

study area (Ésera and Santo Cristo sections, see Correlation Panel in Addendum). 

 

Interpretation 

As described above, clast-supported conglomerate facies are mainly deposited over basal 

erosion surfaces, and are often generated by cut-and-fill processes forming lag deposits. 
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Transport and depositional processes related to these facies are difficult to decipher in 

isolation of the other associated facies (see text below), since when considered alone they can 

be either related to stream or gravity flows (Remacha, personal communication).  

Deposition of Gcs facies would result from frictional freezing of the basal gravelly portion of a 

hyperconcentrated flow (Mutti, 1992). These coarsest particles are transported as bed load 

and, once the flow transport capacity is significantly reduced, deposition of the coarser grains 

occurs by frictional freezing. Such deposits are left behind resting as a residue and the finer 

particles, which are transported in the more diluted turbulent suspension, travel further by-

passing the area of deposition of Gcs facies. Energy dissipation through intense turbulence is 

here thought to be the main cause of extensive and deep scouring observed (Mutti et al., 

1996), commonly shown in the upstream terminations of sigmoidal bars (see Facies 

Associations below). 

 

 

5.2.1.2. Clast-supported conglomerates grading into sandstones (GgS) 

Description 

These facies are more common in the study area than Gcs facies, although they are still mainly 

restricted eastwards of La Foradada Fault, with very few examples reaching the area of Lascorz 

(see Figure 5-1D and Correlation Panel in Addendum). They appear as 1 to 6 m-thick sigmoidal 

beds in the Castissent Fm and in the lower Campanué Fm, forming common divisions of gravels 

and sandstones above erosive contacts. They are normally overlying Gcs facies. The first 

subdivisions of GgS are predominantly conglomeratic with a poorly sorted sandy matrix, either 

displaying discrete gravelly traction carpets or dispersed units of gravels forming the base of 

sandstone divisions. In both cases but particularly in discrete divisions of gravels these layers 

are tending to show convex-up stratification planes accreting both lateral and vertically, in 

which a relatively rapid increase in sand content is produced. Grain size often decreases 

upward, and different grain reversals revealing no-uniform flow conditions are forming an 

overall fining-up trend, where accreting surfaces are present throughout the entire sandstone 

layer. 

 

Interpretation 

These facies reflect sedimentation in an overall waning flow, decreasing both velocity and 

acceleration with time, and deposition by traction processes associated with an increasing 

fallout. The prevailing sediment transport is still bed load in an either high concentration 
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inertia flow after Mutti et al. (1996), or hyperconcentrated flow after Mulder and Chapron 

(2011), with granular interaction of the coarsest particles forming inversely-graded bands by 

dispersive pressure, which continues with the “in mass” deposition of sands (Gs facies, see 

below). These facies can develop just if gravel-size grain populations remain still available. In 

absence of gravels, Ggs facies is substituted by Gs facies. 

 

    

       

Figure 5-1. Field examples of clast supported conglomerates (Gcs) in [A] Campanué Pass, [B] Rañín-
Rolespe Road and [C] Campanué Pass; [D] clast-suported conglomerates grading into sandstones in 

Collada Fornosa.  

 

The formation of traction carpets has been always a matter of discussion. After Todd (1989), 

they may form either by (1) rapid entrainment of gravel into suspension on rising stage or 

"waxing" of a river flood (Pierson and Scott, 1985) , followed by settling into the gravel traction 

carpet at the flood peak and falling or "waning" stage; (2) and/or by overconcentration of a 

‘normal’, low-density bedload. Gravel entrainment, suspension and traction carpet 

development are significantly easier if the river flood already carries a high concentration of 

sand and silt in suspension (Todd, 1989). Gravelly traction carpets can be maintained in 

channels of relatively low gradient by the shear stress exerted by overlying high-density, sand-

bearing turbulent flows. This tangential shear stress is converted to dispersive pressure, which 

A    B 

C    D 
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aids buoyancy and quasi-static grain-to-grain contacts in the support of the clasts within the 

gravel carpet due to the hindered settling effect (see Bagnold, 1954; 1973; Middleton, 1970; 

Hampton, 1979; Pierson, 1981; Postma et al., 1988). The carpet is thought to have a quasi-

plastic rheology but behave much like a viscous fluid at high shear rates. Stream-driven 

gravelly traction carpets are expected to produce sheet-like units of clast- to matrix-supported 

conglomerates, characterized by a parallel clast fabric. These units may be ungraded, normally 

or inversely graded, depending on the rate of shear, the viscosity of the flow and the celerity of 

deposition (Todd, 1989). 

 

 

5.2.1.3. Sandy gravels (Gs)    

Description 

These facies are mainly found to the east of the study area, although their distribution is wider 

than the previous ones, with some isolated examples observed to the base of beds in Lascorz 

sections (see Figure 5-2 and Facies Associations). They are generally poorly-sorted massive 

sandstone divisions, often with large-scale and slight sigmoidal geometries. They consist of 

very coarse to medium sand grains with scarce gravel grains dispersed within the sandy matrix. 

They can display a rough normal grading, which is not always evident. Thicknesses range 

between 20 cm and 5 m. 

 

Interpretation 

These deposits, in a similar process as Gcs facies, are interpreted to form in the basal inertia 

layer, in this case of a concentrated flow (Mulder and Chapron, 2011, see also Mutti et al., 

1996), with “in mass” deposition by frictional freezing. Nevertheless, other authors proposed 

that rapid deposition of massive sands can also occur due to non-uniformity conditions in 

prolonged quasi-steady high concentration flows (Kneller and Branney, 1995). Moreover, the 

absence of lithological and/textural contrast do not allow to go further in interpretations 

based on field observations, which makes the interpretation of these facies, like most of case 

of graded beds, complex and controversial. In the cases observed as part of sigmoidal bars, 

accretion surfaces are highlighted by rough cross bedding (usually not clear), often very 

difficult to observe even when present, probably due to the lack of grain contrast.         
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Figure 5-2. Field examples of sandy gravels (Gs) in [A] Collada Fornosa, [B] Lascorz, [C] San Quílez and 
[D] Campanué Pass.    

 

5.2.1.4. Muddy gravels (Gm) 

Description 

This type of facies fits within the larger group of mass-transport deposits (MTD´s), and may be 

equivalent to the Type II MTCs of Pickering and Corregidor (2005). They form thick and 

laterally extensive deposits that can be correlated for long distances (hundreds of meters to 

km) (see Correlation Panel in Addendum), especially in the central to western part of the study 

area, always westwards of the Foradada Fault. However, they are more commonly found in 

the lower Cs-1 sequence units (see Stratigraphy Chapter). Gm deposits typically range from a 

few meters to tens of m-thick, and some cases show large-scale basal erosions up to 5 meters 

deep, while other cases display planar basal surfaces with absence of erosion. They contain 

matrix-supported both intrabasinal and extrabasinal clasts, prevailing the former mainly as 

rafts of partially disaggregated intraformational sandstone beds, some of them showing plastic 

deformation. Extrabasinal clasts are generally well rounded, and composed by material from 

underlying units, mostly Castigaleu shelf deposits, but also Castissent Fm sandstones, and 

plant and organic remains are also common. The bioclastic content include shallow-marine 

A    B 

C    D 
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shells, and abundant reworked foraminifera, particularly Nummulites. The matrix is generally 

made by marls or poorly-sorted sandstones grading into mudstones. Some cases show the 

larger clasts tending to be located towards the upper part of the deposit, or even at the top. 

These facies would allow an internal subdivision concerning those deposits associated with 

syn- to immediately post-depositional soft-sediment deformation processes (see text below) 

(Figure 5-3). Such deposits include, among others, ball-and-pillow beds with a sandy matrix, 

which have been physically followed in the field and often laterally evolve into rounded 

cobbles and pebbles, sustained within a muddier matrix, in thinner beds up to few dm-thick.    

 

Interpretation 

Muddy gravels are interpreted as different types of mass-transport deposits, mostly deposited 

by frictional freezing after losing their transport ability with the run out distance or as a 

consequence of a change in flows associated to hydraulic jumps (e.g., a change in the slope). 

The high variability of depositional processes involved in their formation justifies considering a 

threefold genetic subdivision (Figure 5-3): 

Gm1-  Cases showing erosive bases, and containing deformed intrabasinal and extrabasinal 

clasts, abundant bioclasts and organic matter may be interpreted as 

hyperconcentrated flows, which is the most common case observed. These beds would 

be equivalent to the F2 deposits of Mutti (1992). 

Gm2- Non erosive chaotic layers, mainly made of rafts of partially disaggregated 

intraformational sandstone beds floating within a muddy matrix, with the larger clasts 

being located towards the top are interpreted as cohesive debris flow deposits, mostly 

deriving from mass wasting and slope failures. 

Gm3-  Creep units laterally evolving from liquefied shelf sandstones, containing well-rounded 

cobbles and pebbles from previous ball-and-pillow levels are also interpreted as 

cohesive debris flows. Their origin can be physically established in remobilization of 

deformed sandstone lobes (see Deformation section below), and they are therefore 

considered to be different to the previous case, although the resulting deposit can be 

very similar. 

In the field area, all these cases have been already considered as seismites by Remacha et al. 

(2011), and their mapping reveals that they form the basal surface of each prograding deltaic 

clinothem (see Facies Associations and also Stratigraphy), giving the geometry of the slope, 

and related with the syn-sedimentary propagation of thrust faults. 
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Figure 5-3. Field examples of muddy gravels (Gm). [A-B] Hyperconcentrated flow deposits (Gm1) in 
Fosado; [C-D] Debris flow deposits (Gm2) in Fosado; [E-F] creep units evolving from liquefied shelf 

deposits (Gm3) from Los Comunes and Fosado.  

 

5.2.2. Sandstone facies (S) 

Most of deposits of the upper divisions of Cs-1 sequence, as well as the lower Cs-2 strata, and 

conforming the bulk of the outcrop belt of the study area, are constituted by sandstone facies, 

with a major volume and extension than those previously described (gravel deposits, see 

above and Table 5-2). Sandstone facies can be roughly mapped along approximately 8 km in 

the central part of the study area (see Geologic Map and Correlation Panel in the Addendum), 

A B 
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and characterize predominantly the Castissent deltas (Units C4 and C5 on top of Cs-1, and Unit 

C6 in the lower Cs-2, see Stratigraphy). As in the previous case, the fossil content is formed by 

bivalves and gastropods, but also bryozoans and very especially shelfal foraminifera 

(Nummulites, Assilina, Discociclina) can be recognized; bioturbation in this case is strongly 

present and occasionally masks any primary sedimentary structure. 

 

GROUP 
CODE 

MAXIMUM 
GRAIN SIZE 

LITHOLOGY 
FACIES 
CODE 

SUBFACIES 
CODE 

S Sandstone 

Massive sandstones Ss  

 Poorly to moderately-sorted sandstones  Ss1 

 Well-sorted sandstones  Ss2 

Cross-bedded sandstones Sx  

 
Trough cross-bedded sandstones 

 
Sx1 

 
Planar cross-bedded sandstones 

 
Sx2 

 
Sigmoidal cross-bedded sandstones 

 
Sx3 

 
Anisotropic HCS sandstones 

 
Sx4 

 
Isotropic HCS sandstones 

 
Sx5 

Normally-graded sandstones Sng  

 
Parallel-laminated graded sandstones 

 
Sng1 

 
Current ripple-laminated graded sandstones 

 
Sng2 

 
Wave ripple-laminated graded sandstones 

 
Sng3 

Inversely-graded sandstones Sig  

 

Table 5-3. Table of different sandstone facies (S) and codes used in this chapter. Note that some 
sandstone facies require a further subdivision in subfacies due to their different generation processes. 

 

The range of sandstone deposits observed is wide (Table 5-3), including massive sandstones 

(Ss), cross-bedded sandstones (Sx), a general group containing all beds showing cross-bedding, 

normally graded (Sng) and finally inversely-graded sandstones (Sig), including all graded beds 

never exceeding sand grain populations and often displaying composite bed sets (see Facies 

Associations). Some of these groups, as for example Sx facies, will be subsequently sub-divided 

in order to specify the whole type of deposits observed, since they may result from many 

different depositional processes. 
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5.2.2.1. Massive sandstones (Ss) 

Description 

These facies (Figure 5-4), extending all along the field area (from east to west) include beds 

ranging from coarse to very fine-grained sandstones, from 5 cm (Tierrantona road section) up 

to 2.5 m-thick (Esera-Rolespe section), in sharp or erosive-based massive and structureless 

beds that mostly display tabular geometries although some channelized shapes have been also 

observed either to the west of the study area (Charo region) or in the easternmost sections 

(Ésera and Santo Cristo, see Correlation Panel in Addendum). Examples observed in eastern to 

central part of the study area (from the Esera-Rolespe to the Lascorz sections, see Correlation 

Panel in Addendun) are generally poorly to moderately-sorted (Ss1), involving grain 

populations from coarse to medium-grained sandstones. However, distal massive sandstones, 

preferentially found in the lower and western stratigraphy of the field area (see Stratigraphy) 

are generally well-sorted, with grain sizes never exceeding fine to very fine sands (Ss2). 

Overall, no internal structures can be recognized among these facies, excepting water-

escapement and soft-sediment deformation, and a particular abundance of basal mud clasts in 

the proximal eastern examples (eastwards of La Foradada fault, see Correlation Panel and 

Geologic Map in Addendum). They may also contain local abundance of plant remains and 

oxidized organic matter towards the base of the layers.  

 

Interpretation 

The massive character of Ss deposits, in a similar process as that described for sandy gravels 

(Gs), is thought to be produced by a rapid "in mass" deposition from a high density flow. 

However, this flow is more diluted after losing most of the bedload material in proximal 

settings, and loses the coarsest particles that are still transported (coarse to medium sand) 

after a hydraulic jump either produced by a change in the depositional gradient and/or 

unconfinement and subsequent expansion of the flow. This change of the flow leads to a rapid 

aggradation by loss of transport ability, preventing any formation of traction deposits 

(observed in Sx facies, see below). Profusion of water escapement structures and ripped-up 

mud clasts are also consistent with a sudden deposition and the likely relationship with a 

hydrualic jump. However, after Kneller and Branney (1995), deposition of these facies requires 

flows which are sustained at a relatively constant discharge for long periods, such as direct 

fluvial input, either constant or in flood.   
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Figure 5-4. Field examples of massive sandstones (Ss). [A-B] Poorly-sorted massive sandstones (Ss1) in 
San Quilez  and Campo Ciego sections; [C-D] Well-sorted massive sandstones (Ss2) in Tierrantona road 

section.  

 

5.3.2.2. Cross-bedded sandstones (Sx) 

Description 

This is a large facies type with examples widespread along the entire field area, from the 

easternmost section (Ésera-Rolespe) to the westermost one, close to the Charo region (see 

Correlation Panel in Addendum). Beds range from 0.5 m (Tierrantona road section) up to 10 m-

thick (Santo Cristo section). They can display moderately erosive to sharp bases, normally 

associated with the grain size (the coarser the grains, the deeper the basal incisions) and often 

undulated tops, especially in those cases showing high-scale cross-sets. Geometries are 

commonly tabular or low-gradient, but slightly sigmoidal beds have been observed in the 

eastern sections (Ésera-Rolespe and Santo Cristo sections, see Correlation Panel in 

Addendum). Organic matter and mud clasts may be observed displayed parallel to the cross-

sets, as well as local abundance of imbricated bioclasts. A lateral facies change from different 

types of cross-bedded sands has been physically observed in the field. For this reason, this 

group of facies has been subdivided in 5 different subfacies (Table 5-3). 

A    B 
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Interpretation 

These facies contain all the spectrum of cross-bedded sands, showing the sedimentary result 

of different transport and depositional processes associated with different flow classes (Figure 

5-5). Cross-beds are normally related with traction processes exerted by overpassing flows 

over previously deposited grains, which become imbricated and reworked. Other processes, as 

tides and waves, may also affect deposition of grains, and this interaction is subsequently 

recorded in the resulting bed. 

The presence of unidirectional traction-dominated facies (Sx1 and Sx2) in proximal successions 

(eastward of La Foradada fault, see Figure 5-6 and Correlation Panel in Addendum) can be 

interpreted as mainly deriving from processes related with the bypass of the main body and 

tail of flows, more turbulence-dominated. Reworking processes exerted by these parts over 

the previously deposited bedload deposits would result in the local formation of unidirectional 

traction structures on top of these coarse-grained successions (G facies), with migration of 

straight or sinuous bedforms at the base of long-lived high density turbulent flows (see 

Tinterri, 2007). 

Deposition of the remaining bedload grains that overpass the most proximal zone dominated 

by the coarser G facies would form a set of very steep and concave-upward prograding strata 

(foresets) (see Figure 5-7, see also Tinterri, 2007), with a highly tangential geometry, and 

where occasionally sigmoidal shapes can be recognized (Figure 5-6). These sigmoids can evolve 

downcurrent to tabular and massive sand layers of Ss facies, which mostly represent their 

asymptotic finer-grained basal parts (bottomsets). Sigmoidal geometries can form due to the 

fact that sediment-laden stream flows entering seawater with a relatively-high velocity can 

incorporate on their suspension load a major proportion of sediment than the load that can be 

transported further to more distal settings. This higher proportion of medium and fine-grained 

sand carried in suspension, however, often collapses in front of the foresets to form sediment-

laden hyperpycnal flows (McLeod et al., 1999, Mulder et al., 2003; Zavala et al., 2011 see 

Figure 5-7 and Introduction Chapter).  

The presence of sigmoidal geometries in some deposits observed exclusively to the east of La 

Foradada fault could also result from cyclical loading exerted by wave activity. The oscillatory 

component provided by waves tends to modify the shape of slopes through the destruction of 

their uppermost part, producing a low angle profile. Thus, the most evident effect of an 

oscillatory component over a pulsing hyperpycnal flow appears to be the rounding of the 

uppermost foreset deposits. This process results in a slightly convex-upward profile which, 
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together with the concave-upward profile of the lower foreset, can display a clear sigmoidal 

profile or "S-shape" (Figure 5-7). Besides, this convex-concave geometry can also be favored by 

the variation with distance of the bed shear stress and therefore by the fallout ratio associated 

to the progressive decrease of gravity flows after entering seawater (Tinterri, 2007); as the 

water depth increases, the bed shear stress decreases and thus allows deposition in the 

further deltaic settings, with deposition taxes decreasing gradually with depth. 

 

 

Figure 5-5. Range of different flow classes and some of their possible associated sedimentary structures 
(modified after Swift et al., 1983, Cheel, 2005 and Tinterri 2006a). 

 

 

Sigmoidal cross-beds and megarripples, which characterize Sx3 facies (Figure 5-6), are 

interpreted as being related with traction and traction + fallout processes occurring in this 

zone. However, a weak tidal influence must not be completely discarded, although no basal 

thin mud subdivisions that would allow determining cyclicity have been recognized. These 

bedforms, thus, would record fallout of coarse and medium sands and bypass of finer grain 
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populations through the formation of hyperpycnal flows (Bates, 1953; McLeod et al., 1999), 

which are thought to be the main responsible of deposition of the Castissent deltas (Remacha 

et al., 2011, see also Mutti et al., 1996, 2003; Tinterri, 2007; Zavala et al., 2011).  

 

   

      

    

Figure 5-6. Field examples of unidirectional cross-bedded sandstones (Sx1, Sx2 and Sx3). [A-B] Trough 
cross-bedded sandstones (Sx1) in Santo Cristo, [C] Planar cross-bedded sandstones (Sx2) in San Quilez; 

[D-E-F] Tangential/sigmoidal cross-bedded sandstones (Sx3) in Collada Fornosa. 

 

The presence of different massive (Ss) to cross-bedded laminated facies (Sx) in the central part 

of the study area is thought to record different processes of deceleration and expansion of 

flows, considered to be a function between the flow momentum and the water depth (Wright, 

A B 

C D 

E F 
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1977; Mutti et al., 2003). Thus, while massive facies (Ss) derive from a sudden flow 

deceleration, linked to "in mass" precipitation that prevent any presence of traction processes 

(see above), more laminated facies (Sx) and graded beds (Sng and Sig, see below), would be 

associated to more gradual deceleration and acceleration, allowing an alternation of 

traction/fallout processes. On the other hand, the fact that massive facies display relatively-

coarser grain populations than those laminated, and that both are vertically related in most of 

cases (see Facies Associations), appears to indicate a lateral downcurrent relationship among 

these facies as a result of the progressive decrease of the fallout rate linked to a likely 

deceleration and expansion of hyperpycnal flows as response to different hydraulic jumps. 

 

 

Figure 5-7. Scheme showing the typical formation of "s-shape" sigmoidal profiles and generation of 
hyperpycnal flows when a sediment-laden stream flow enter a standing body of sea-water. 

 
 

 

Lateral correlation from an accurate stratigraphic and sedimentological analysis (see 

Correlation Panel in Addendum) reveals that graded beds with presence of different HCS (Sx4 

and Sx5, Figure 5-8) often do not pass upcurrent into shoreface deposits (as could be 

expected) but to the above mentioned gravel-rich (Gs) and/or massive sandy (Ss1) deposits. 

Thus, the possible interpretation of these layers as lower shoreface tempestites must be 

discarded. On the contrary, in this work, these layers are mostly considered to record 

sediment-laden dense flows produced during flood events in river mouths, in which the 

oscillatory component can originate from different processes, already discussed in many works 

(Mutti et al., 1996, 2003; Myrow et al., 2002; Tinterri, 1997; 2006b; Lamb et al., 2008; Myrow 

et al., 2008; Pattison et al., 2008).   
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The origin of HCS sandstones 

The origin of different types of hummocky cross stratification (Figures 5-5 and 5-8), mainly 

observed in sandstone facies (Sx4 and Sx5) in the central part of the study area (Lascorz to Los 

Comunes sections, see Correlation Panel in Addendum), may depend on different factors; in 

the Castissent sequences they could have been obtained through the combination of a river-

driven dominant unidirectional component, and an oscillatory component from i.e., the wave 

action and/or internal flow convection. In the study case, the interaction can be represented 

by the pulsing nature of hyperpycnal flows when entering seawater, where the origin of the 

oscillatory component would be consequence of reworking processes exerted by waves, as 

response of a climatic fair/storm weather cyclicity, that would tend to modify the shape of 

sandstone lobes through the destruction of their upper part, in a similar but more gentle 

process as that observed in sigmoidal beds (see text above), giving the low gradient profile to 

sandstone lobes observed in the central part of the study area (see Correlation Panel in 

Addendum). 

 

    

       

 

Figure 5-8. Field examples of hummocky cross-bedded sandstones (Sx3 and Sx4). [A-B] Anisotropic HCS 
in Rañín-Rolespe road and San Quílez; [C-D] Isotropic HCS in Los Comunes section. 

 

A    B 
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However, in the studied deposits, these and other sedimentary structures can be often difficult 

to observe due to the local high bioturbation. Some of these cases are interpreted as being 

consequence of the colonization of different organisms during periods of interruption of clastic 

sediment supply, leading to the formation of carbonate-rich deposits (see Carbonate facies 

below).   

 

5.2.2.3. Normally-graded sandstones (Sng) 

Description 

These facies, together with examples showing inverse grading (Sig Facies, see below) are 

particularly observed in the western part of the study area (Los Comunes-Charo region, see 

Geologic Map and Correlation Panel in Addendum), although proximal examples have also 

been observed around La Foradada fault. Normally-graded sandstones are fine to very fine-

grained layers, normally ranging from 5 cm up to 30 cm-thick, with sharp or transitional bases 

and often undulated tops (Figure 5-9). They are normally well-sorted, and parallel (Sng1) to 

ripple-lamination alternations can be recognized within the beds, excepting those cases in 

which bioturbation is too high and masks any internal structure. Parting lineation is observed 

in parallel-bedded laminas, whereas ripple laminas range from purely unidirectional (Sng2) to 

wave-ripple laminations (Sng3), being the first more common both in the eastern and western 

examples, whereas the second case dominates the intermediate areas. It is common to 

observe abundance of plant remains in the bedding planes. 

 

Interpretation 

Normally-graded sandstones are commonly interpreted as recording traction + fallout 

processes from generally waning flows but still with a high suspension load of fine to very fine 

sand (Kuenen and Migliorini, 1950). Most of turbidite models have been classically interpreted 

according to this type of facies (Bouma, 1962; Lowe, 1982), although it is rather rare to find the 

complete sequence in the sedimentary record (for general discussion see Pickering et al., 1989; 

Mutti and Normark, 1991; Mutti, 1992; Kneller and Branney, 1995; Mutti et al., 1999). 

Consequently, normally-graded beds are more commonly associated to surge-type currents 

(see below), generated by “virtually instantaneous events” such as seismogenic slumping (e.g. 

Heezen and Ewing 1952; Weaver et al. 1992; Morgensten 1967; Garcia and Hull 1994). 

Besides, transitional relationships between parallel laminated horizons (Sng1) and ripple 

laminations (Sng2-Sng3) observed within the same bed may reflect fluctuations in the flow 
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velocity and fallout rate, suggesting relatively long-lived, sustained and fluctuating nature of 

flows, although local tide effects may be discarded. Thus, parallel-bedded deposits (Sng1) are 

thought to reflect unidirectional hyperpycnal flows in upper flow regime conditions (Froud 

number > 1), that eventually pass to traction + fallout processes in a lower flow regime (Froud 

number < 1) allowing the formation of ripple laminations (Sng2). When lowered hyperpycnal 

flows pass through the zone between the fair weather wave base (FWWB) and the storm wave 

base (SWB), the influence of wave action in traction processes lead to the formation of 

combined-flow symmetrical ripple-laminations (Sng3), which progressively disappear and pass 

again to unidirectional ripple-laminations basinward (towards the west of the study area). 

 

 

    

          

 

Figure 5-9. Field examples of normally-graded sandstones (Sng). [A] Parallel-laminated sandstone (Sng1) 
grading to ripple-bedded sandstone (Sng2) in Lenera Pelada section; [B] Parallel-laminated sandstones 

(Sng1) in the Lenera Pelada section; [C] Parallel-laminated sandstone (Sng1) grading to wave ripple-
laminated sandstone (Sng3) in Campo Ciego section; [D] Wave ripple-bedded sandstone (Sng3) in Los 

Comunes section. 

 

 

 

A    B 
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5.2.2.3. Inversely-graded sandstones (Sig) 

Description 

These facies are not very common, with most of cases located in the western part of the study 

area (Los Comunes-Charo region, see Geologic Map and Correlation Panel in Addendum), 

although proximal examples can be locally observed. Inversely-graded sandstones are fine to 

very fine-grained sandstone layers, normally ranging from 5 cm up to 30 cm-thick, with sharp 

or transitional bases and often undulated tops, associated to starved ripples. They are 

normally well-sorted, and parallel laminations can be recognized within the beds. They are 

commonly found associated with massive sandstones (Ss) and normally-graded sandstones 

(Sng) to form composite beds (Figure 5-10, see text below and Facies Associations). 

 

Interpretation 

Inversely-graded sandstones have been interpreted as recording deposition by turbidity 

currents during the ‘‘waxing’’ period of a river flood (Kneller, 1995; Mulder et al., 2001), and 

thus have been subsequently considered as a diagnostic criteria for hyperpycnal flow 

deposition (see text below and Mulder et al., 2003; Plink-Björklund and Steel 2004; Lamb and 

Mohrig, 2009; Zavala et al., 2011, among others). However, this consideration has led to some 

controversy (see Shanmugam, 2002a and b), since inverse grading can also form due to other 

mechanisms, such as (1) dispersive pressure, caused by grain-to-grain collision which tends to 

force larger particles toward the zone of least rate of shear (Bagnold, 1954), (2) kinetic sieving, 

by which smaller particles tend to fall into the gaps between larger particles (Middleton, 1967), 

and (3) the lift of individual grains towards the top of flow with lower pressures (Fisher and 

Mattinson, 1968). 

 

Hyperpycnites 

Besides, associated to these facies, in the study area a particular type of composite layers can 

be observed, especially when approaching the western region (Los Comunes-Charo), consisting 

in groups of laminas that stack vertically to form inverse to normal-graded beds, with different 

degrees of asymmetry (Figures 5-10 and 5-11), separated by marked erosion surfaces or 

highly-bioturbated levels. These layers have been widely described in the literature by many 

authors and recently named hyperpycnites (Wright et al., 1986; Mohrig, 2001; Mulder et al., 

2003; Plink-Björklund and Steel., 2004; Saitoh, 2004; Petter and Steel, 2006; Zavala et al., 

2007a; Arcuri and Zavala, 2008; Soyinka and Slatt, 2008; Bhattacharya and MacEachern, 2009; 

Lamb and Mohrig, 2009; Olariu et al., 2010; Zavala et al., 2011, among others). Due to their  
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common lateral relationship with mouth-bar and upper slope deposits, this type of layers are 

often interpreted to be associated with variations in the stability and efficiency of hyperpycnal 

flows and their associated flood hydrograph (Mulder et al., 1998; Tinterri, 2006b; Zavala et al., 

2011). Composite beds normally show presence of an inversely-graded group of laminas (Sig) 

related with the waxing limb of the hydrograph, a massive interval related with the peak of the 

flood (Ss, often coarser and linked with an erosive phase with entrapment of seafloor soft 

clasts, especially in the most proximal examples), and finally a normally-graded group (Sng) 

related with the waning limb of the flood, that could be also related with the diluted part of 

the flood peak (Figure 5-11). 

    

    

 

Figure 5-10. Field examples of composite beds, showing vertical transitions between inversely-graded 
sandstones (Sig facies, interpreted as recording the waxing limb of a flood hydrograph) passing to 

normally-graded beds (Sng facies, representing the waning limb), often with an intermediate massive 
interval (Ss facies, interpreted as the flood peak) [A], and sometimes with mudstone intervals (M facies) 
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starting and capping the beds [B]. Hyperpycnites are observed filling channelized features [C], but also in 
tabular/lobulated geometries [D-E]. Examples from Lanata river and Tierrantona road section. 

 

Although it was originally suggested that vertical variations in grain size of these deposits must 

be gradual and progressive within a single bed (Mulder et al., 1998), several examples have 

been observed in this work where changes occur suddenly through erosive boundaries among 

different groups with different grain populations, as it has been recognized in other works 

(Mulder et al., 2003). These sharp boundaries between groups of laminas are probably due to 

fluctuations of the flow momentum, mainly present in the waxing limb of the hydrograph, and 

which may give rise to different sedimentation waves within the same flood event (Remacha, 

personal communication), with associated variations in the concentration of sediment that can 

produce changes in the nature of the flow itself (Best, 1992; Wells and Harvey, 1987). 

Evidently, the response of flood-related hyperpycnal flows to these variations will be 

significant and sudden in some cases, resulting in erosive processes, often observable in the 

basal surface of the group of laminas associated with the flood peak. The final result will be a 

sandstone layer with an inverse-to-normal gradation, in which each group of laminas will 

produce in turn a facies tract that will become progressively finer downcurrent (see 

Correlation Panel in Addendum, and Figure 5-11).  

 

Figure 5-11 Bed geometry observed in some Castissent hyperpycnal layers interpreted as differential 
response to the flood hydrograph along the depositional profile (modified from Girard et al., 2012). 
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As it has been observed from the vertical stacking of these composite layers, the first part of 

the deposit related with the waxing limb of the flood hydrograph may tend to wedge and thin 

out downcurrent. Then, during the flood peak, sediments bypass the most proximal zones 

(suggested by erosive structures and residual deposits) and the group of laminas may increase 

its thickness basinward, generating in some cases a unique normally-graded bed with only 

presence of facies Sng1 and Sng2-Sng3 on top, formed by those grain populations which 

overpass the river mouth and most of delta front settings (Figures 5-7 and 5-12). 

Consequently, in most of cases, distal settings as the shelf-edge and upper slope zones will be 

reached just by the most diluted parts of hyperpycnal flows developed mainly during the peak 

of a river flood. 

Besides, as already indicated (Zavala et al., 2011), the vertical facies sequence that will be 

observed in a layer deposited under these flow conditions will be highly variable depending on 

the location of the bed along the depositional profile. When, in delta front to prodelta zones, 

strata show a vertical facies sequence from inverse grading passing to normal grading, in the 

proximal areas close to the river mouth the same bed will probably show bypass evidences on 

its geometry, with internal erosive surfaces and/or residual deposits, related with the flood 

peak (Figure 5-11). When looking at the most distal zones, beyond slope settings, the most 

probable hyperpycnal bed geometry observed will be that showing a normal grading (i.e. 

typical Bouma sequence), although its geometry will depend in most of cases on the erosive 

ability of the flood peak, and therefore the partial or complete erosion of all previous deposits 

related with the waxing limb of the flood hydrograph (Mulder et al., 2003; Tinterri, 2006a; 

Lamb and Mohrig, 2009). An accurate study of the vertical facies sequence within a bed will 

therefore allow the inverse deduction process, i.e. give an idea of the location where 

deposition occurred just through identifying the hyperpycnal bed geometry.  

This way, most of deposits observed in the study area appear to have been generated from or 

due to river floods, as becomes also clearly indicated by the significant presence of continental 

organic matter, plant debris and mica within the laminas. During these occasional events in 

which sediment-laden stream flows enter seawater, they will be subsequently reworked by 

wave action in some cases (Myrow et al., 2006, 2010), as suggested by the wide spectrum of 

combined-flow structures observed (see description above). All these features allow 

suggesting that most of deltaic sediments of the Castissent depositional sequence where 

deposited in a flood-dominated and wave-influenced deltaic system. 
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Figure 5-12. [A]. Main characteristics of long-lived hyperpycnal flows and their typical deposits. The 
complexity of these flows results in the accumulation of composite beds (Zavala et al., 2007a); [B] Origin 

of a composite bed related to variations in flow velocity and sediment concentration during a single 
long-lived hyperpycnal discharge. Note that the erosional surfaces are not always bounding different 

events and may grade basinward into non erosional/transitional levels (from Zavala et al., 2011). 

 
 

Surge-type vs hypeprycnal-type flows 

Hyperpycnal flows have different characteristics that define their hydrodynamic behaviour as 

different from turbulent "surge-type" flows, that mainly result from transformations after 

slump-slices or debris flows (see text below and Figures 5-13 and 5-14). In hyperpycnal flows, 

the initial interstitial fluid is often fresh water. This also requires an initial sediment 

concentration in the flow to plunge below the receiver standing body of water. The driving 

force responsible for this plunging is probably lower in hyperpycnal flows than in a slide-

induced flow because, in hyperpycnal flows, the initial particle concentration is normally lower 

than in turbulent surges (Mulder et al., 2003). In a slide-triggered flow, the initial density of the 
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current tends to be similar to the density of the sediment in situ (on its original locality before 

the failure). After the onset of the slide, the particle concentration decreases rapidly due to 

flow dragging and frictional forces. Flow then becomes and behaves as a hyperconcentrated or 

concentrated flow. In some cases, when the original interstitial fluid is already sea water, 

surge-type turbidity currents can keep their motion force even with a very low concentration 

(Mulder et al., 1997a; Mulder et al., 2003). These low concentrations can also be seen in 

hyperpycnal flows but just in their most distal expression, where their interstitial fluid density 

increases substantially due to dilution and incorporation of ambient water. The initial presence 

of fresh water in hyperpycnal flows strongly reduces the density contrast between the 

entering flow and the receiving water; thus, as flume experiments demonstrate (Alexander 

and Mulder, 2002), hyperpycnal flows are much slower than turbulent surges moving over the 

same slopes (Mulder et al., 1997b; Piper and Savoye, 1993).  

 

 

 

Figure 5-13. Block diagram showing the formation and ignition of river-derived hyperpycnal-type flows 
and their relationship with gravity-induced “surge-type” flows. 
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Hyperpycnal flows can be therefore considered slow-movement turbulent flows, where 

density is kept as relatively low during all their movement downslope. They somehow 

correlate with the definition of "low density turbidity currents" of Nardin et al. (1979), Lowe 

(1982) and Mulder and Cochonat (1996). Conversely, slide-triggered surge-type turbidity 

currents represent transformation of fast-movement flows through ignition processes (Parker, 

1982; Emms, 1999). Their high velocity is due to their initial gravity-induced motion force and 

also probably to the reduction of basal friction through processes such as hydroplaning (Mutti, 

1992; Mohrig et al., 1998; Mutti et al., 1999). In these flow transformations, both 

concentration and density of flows decrease progressively due to the entrapment of sea water. 

Most of members of this flow style are considered as "high density turbidity currents" by Lowe 

(1982), Mulder and Cochonat (1996), and Nardin et al., (1979). This highlights the importance 

of using properly the hyperpycnal term meaning, since "hyperpycnal" just means "over a 

density threshold", but not necessarily "high density".   

Surge-type turbidity currents have a high concentration gradient (Kneller and Buckee, 2000; 

Stacey and Bowen, 1988). This suggests that, from base to top, flows can behave in a very 

different way, leading to the widely discussed concept of "flow bipartition" (Mutti, 1992; Mutti 

et al., 1999; Tinterri et al., 2003). Hyperpycnal flows, on the contrary, have a more gradual 

vertical gradient of concentration (Mulder and Alexander, 2001). This latter feature normally 

allows a better recognition of different depositional units within the same hyperpycnal bed 

(see composite beds above).  

Hyperpycnal flows are relatively constant (Mulder and Alexander, 2001). This implies that their 

velocity increases and decreases slowly with time, as they can be related with a sustained-type 

of flow and due to their origin from river floods, i.e., an event during which both river 

discharge and velocity increase, reach peak conditions, and then decrease (Figure 5-14). 

Whereas most of the discharge increases, which includes changes in river depth and width, 

river velocity also increases but more slowly than river discharge. The fact that sustained 

hyperpycnal flows can be considered as almost constant, allows applying more simplistic 

numeric models than in surge-type flows, that are typically unstable and accelerate just after 

their triggering and then decelerate rapidly, thus requiring more complex models (Pratson et 

al., 2011; Tinterri et al., 2003; Figure 5-14).   
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Figure 5-14. Graphic summarizing differences between hyperpycnal-type and surge-type flows. Inspired 
in Bouma (1962) and Mulder et al. (2003). 
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5.2.3. Mudstone facies (M) 

Mudstone facies are widespread along the entire field area but are predominant in the lower 

divisions of the Cs-1 sequence, and in a less presence in the middle Cs-2 strata, overall 

representing a major volume and extension than sandstone or gravel facies (see Geologic Map 

and Correlation Panel in the Addendum), since they are commonly observed in all facies 

associations alternating with coarser deposits. However, they mostly characterize the distal 

part of Castissent deltas (Units C2 and C3 in the base of Cs-1, and Unit C7 and C8 in the middle 

Cs-2, see Stratigraphy). The fossil content of these facies is similar to the others, increasing 

from east to west, and formed by bivalves, gastropods, bryozoans and very especially shelfal 

foraminifera (Nummulites, Assilina, Discociclina), and showing abundance of plant remains. 

Bioturbation is strongly present, especially in the central to western sections (from Lascorz to 

Charo), and root bioturbation could be considered in the sections eastwards of La Foradada 

fault, in fine intervals normally associated to gravel deposits (see Facies Associations below). 

 

GROUP 
CODE 

MAXIMUM 
GRAIN SIZE 

LITHOLOGY 
FACIES 
CODE 

SUBFACIES 
CODE 

M Mudstone 

Silt and clay streaked mudstones Msm  

Massive mudstones Mm  

Non-bioturbated mudstones  Mm1 

Bioturbated mudstones  Mm2 

 
Table 5-4. Table of mudstone facies (M) and codes used in this chapter.  

 

The range of mudstone deposits observed is not very wide (Table 5-4), since they direct 

observation in the field is constrained by the grain size (not observable), and also because they 

often contain sand or gravel sizes, suggesting other processes involved (see muddy gravels 

above). This group includes silt and clay streaked mudstones (Msm), containing all parallel 

laminated beds, and massive mudstones (Mm). 

 

 

5.2.3.1. Silt and clay streaked mudstones (Msm) 

Description 

These facies have been just observed in the western part of the study area (Los Comunes-

Charo region, see Geologic Map and Correlation Panel in Addendum), probably due to the 

outcrop quality, better exposed as moving westwards, although their presence in more 
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proximal examples may not be completely discarded. They involve coarse silt to clay beds, 

ranging from 1-2 mm up to 10 cm-thick, and are generally well-sorted and laminated (Figure 5-

15). These beds alternate parallel laminas of silt and clay, generally increasing the clay content 

towards the top (normally-graded). A highlighting feature of these facies is the presence of 

abundant oxidized organic matter, plant remains and carbonaceous mm-thick levels, often 

displayed parallel to the bedding. Their base and tops are commonly transitional, passing to 

other facies (see Facies Associations), and they are normally forming part of the top of 

composite beds, together with massive mudstones (see facies Mm).   

 

    

    

Figure 5-15. Field examples of streaked mudstones (Msm) in [A-B] Tierrantona road section and [C] Los 
Comunes section; [D] Detail of the carbonaceous levels often associated with these facies. 

 

Interpretation 

These deposits are interpreted to belong to the low-concentration tail of hyperpycnal flows, 

where fallout processes are dominant, segregating the remaining silt and clay content of the 

suspension load by shear sorting in a kind of “burst-and-swept” process (Remacha, personal 

communication), giving their lower plane bed parallel laminations.  

 

A    B 

C    D 
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5.2.3.2. Massive mudstones (Mm) 

Description 

These deposits are observed from east to west of the study area, being better exposed and 

thus more observable to the west and north (Charo, Fosado and Atiart regions, see Geologic 

Map in Addendum). They range from cm-thick levels up to 10’s m-thick intervals, and 

correspond to the clayish divisions of massive appearance without obvious grains visible to the 

naked eye on the field, and no other structure recognized except bioturbation, more or less 

abundant, developed from certain surfaces that may represent layer boundaries (Figure 5-16). 

Pervasive bioturbation occasionally homogenizes almost the entire deposit. In these cases, 

they are monotonous successions, but may show subtle internal gradual variations when grain 

size changes occur. Small silt chips floating in the matrix can be observed normally scattered or 

grouped towards the base, when display a transitional boundary to facies Msm. They are 

normally culminating a sequence of a composite bed (see above). 

For descriptive convenience, this set of facies has been segregated into two subfacies which 

basically correspond to the presence or not of bioturbation: (1) mudstone facies with local  

occasional mm-thick levels of silt and distinctly with absence of bioturbation, and (2) 

mudstones similar to the above mentioned but containing abundant organic matter, usually 

oxidized and intensely bioturbated. Both cases are simplified in its nomenclature as Mm1 and 

Mm2, respectively. 

Since these facies are present throughout the whole study area, it is common to observe them 

associated in many different depostional environments (see Facies Associations below). 

 

Interpretation 

In the first case, facies Mm1 correspond to deposition during times of relative underfeeding of 

clastics, or very distal positions offshore, with very low contribution rates and sedimentation 

from the distal terms of hyperpycnal flows, or more probably from hypopycnal plumes which 

previously left its load of flocculated clay, leaving the suspension with a residual charge of 

carbonatic mud, not flocculant, that can remain suspended longer, and thus travel longer 

distances from the river mouth to the outer shelf (see also Carbonate facies below). There are, 

therefore, cases of settling from a suspension load depleted of its clastic content, with 

enrichment ratios of carbonate particles by hydraulic selection that, after convective 

instability, settle slowly by direct settling. The process involved in the second case (Mm2) is 

similar to the first but suggesting longer periods of absence of clastic input and therefore a 
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lower frequency of settling from hypopycnal plumes, leading to a greater elaboration by 

organisms. In the latter case, a decrease in the recurrence of flood events with respect to the 

case of Mm1 is recorded, and the increase of carbonate content give to these facies an easier 

identification in the field, with more competent layers, without evidences of pervasive 

bioturbation, which runs against the effect of weathering. 

    

    

Figure 5-16. Field examples of massive mudstones (Mm) in detail [A-B] and in outcrop view [C-D]. Note 
that they are often associated with coarser and laminated silty levels. 

 

5.2.4. Carbonate facies (C) 

Carbonate facies (although no purely carbonate examples have been observed) are almost just 

present in the upper part of the succession, to the south and south-east of the study area (see 

Geologic Map in Addendum), related with the middle to upper units of the Cs-2 sequence (see 

Stratigraphy). The fossil content of these facies is particularly important, since some of the 

carbonate beds are almost exclusively made of bioclasts (see below), especially shelfal 

foraminifera (Nummulites, Assilina, Discociclina). Beds show abundance of plant remains and 

carbonaceous levels. Bioturbation is also common, and plays an important role in some 

examples in which internal structures are impossible to observe due to its pervasion effect. 

Some glauconitic beds have been observed towards the upper part of the studied succession.  

A    B 

C    D 
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C Carbonate 
Bioclastic sandy carbonates Cbs 

Carbonate-rich nummulitic layers Cn 

 
Table 5-5. Table of carbonate facies (C) and codes used in this chapter.  

 
Carbonate deposits have not been studied in detail (for more details, see Boya, 2011), and 

they include two general groups, attending to their lithology and bioclastic content: bioclastic 

sandy carbonates (Cbs) and carbonate-rich nummulitic layers (Cn) (Table 5-5 and Figure 5-17). 

 

5.2.4.1. Bioclastic sandy carbonates (Cbs) 

Description 

These facies include mm to dm-thick bioclastic and bioturbated fine to very fine-grained 

sandstones, massive to roughly laminated and generally poorly-sorted, with a mixed carbonate 

content given by the presence of bioclasts. They are apparently massive and tabular layers 

with different proportion of bioclastic components and common homogenization by 

bioturbation. Local carbonaceous debris and plant fragments have been observed, with the 

latter being exceptionally preserved in some cases. No evidences of primary structures can be 

recognized in the field, excepting burrowing. Beds have a variable content in shelf 

foraminifera, especially nummulitids (mainly Assilina and Nummulites, the latter in a lower 

proportion), and disconcilinids.   

 

Interpretation 

These facies are interpreted to have form in distal positions within the shelf by fallout of 

residual tails of hyperpycnal flows, where still a granular interaction takes place affecting the 

bioclasts, which become arranged in bands within a general aggradational process of a waning 

flow. The progressive aggradation inhibits the formation of primary sedimentary structures, 

which in any case are almost completely erased by bioturbation (mainly Thalassinoides and 

Ophiomorpha). Long periods of starvation of clastic input led to this profusion of biotic activity, 

promoting the common homogenization by bioturbation.   

 

5.2.4.2. Carbonate-rich nummulitic layers (Cn) 

Description 

These facies are mm to dm-thick carbonate-rich fossiliferous and highly bioturbated 

nummulitic layers, displaying irregular and highly bioturbated contacts, ocher to yellow-
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colored, denoting their likely origin/relationship with post-depositional reworking and 

mineralization processes (Remacha, personal communication; see also Marfil et al., 2012). 

They often show glauconitic levels, and are one of the most common facies in the upper part 

of the study area (Cs-2 sequence, see Stratigraphy and Boya, 2011).  

 

Interpretation 

These cases are interpreted as being consequence of the colonization of different organisms 

during periods of interruption of fluvial sediment supply. During this periods the seafloor 

substrate, represented by the top surface of previously deposited delta front lobes, can 

become enriched in carbonate components that may even transform the upper part of the 

previous deposit and mask its primary sedimentary structures, giving a highly bioclastic 

mixture of carbonate-rich sediment (Molenaar and Martinius, 1996), with a significant content 

of glauconite in some cases, suggesting outer shelf environments with low accumulation rates, 

and especially related with condensed sections above regressive cycles (see Facies 

Associations below and Stratigraphy).   

 
 

    

    

Figure 5-16. Field examples of carbonate facies (C). [A-B] Bioclastic sandy carbonates (Cbs); [C-D] 
carbonate-rich nummulitic layers (Cn). 

A B 

C    D 
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5.3. Deformation 

Sedimentary facies of the Castissent deltas, especially sandstone lobes, underwent several 

post-depositional processes, especially affecting sediments that were not consolidated yet, 

giving a spectrum of examples of soft-sediment deformation. Deformed beds are very 

common in the upper units of Castissent-1 sequence (see Stratigraphy and also Correlation 

Panel in Addendum), and range in thicknesses between 0.5 to 5 m. They can show a 

destruction of primary structures from previous sandstone layers, giving a variety of cases 

ranging from minor soft-sediment deformation over in situ deposits to cases of complete 

homogenization of sandy facies and remobilization by creeping processes (see Gm3 Facies 

above). Liquefaction effects display a wide spectrum of possibilities from weak loading 

deformation structures (flames) that can be accentuated in cases of deformation by injected 

shales to more advanced cases of pseudonodules (attached or detached) and balls-and-pillows 

(Figure 5-17), to finally reach extreme cases with completely remobilized and slumped 

deposits (see text below).  

 

   
 

     
 

A B 

C     D 
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Figure 5-17. Field examples of soft-sediment deformation recognized in the Castissent deltas, showing a 
spectrum from minor liquefaction to almost entirely destroyed and remobilized sediments. [A-B] Simple 
load casts in Campo Ciego and Tozalatas sections; [C-D] Pendulous load casts in Lenera Pelada and Los 
Comunes sections. [E] Detached pseudonodules in Campo Ciego and [F] ball-and-pillow structure in Los 
Comunes. Simple and pendulous load casts are the most common deformation features observed in the 

study area. 
 
 

5.3.1. Origin and types of loading structures 

Most of soft-sediment deformation structures typically form due to the weakening of 

sediment through the addition of load and overpressuring (Wild, 2005). Load structures record 

sediment remobilisation in the shallow subsurface and most commonly affect silt to fine-

grained sand populations (Figure 5-18).  

 

 

Figure 5-18. Deformation diagram for load structures. Shading represents denser sediment (no scale 
implied) (from Owen, 2003). 

 

Deformation occurs due to gravitationally unstable profiles and commonly affects an interface 

separating relatively coarser grained material from underlying finer grained sediments. The 

E F 
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deformation of a planar interface between overlying denser and underlying less dense 

sediment forms simple load casts and flame structures as a Rayleigh-Taylor instability 

(Hindmarsh and Rijsdijk, 2000) when the sediment becomes liquidized (Owen, 2003). In 

theory, deformation would continue until the liquidized sediment is in equilibrium and the 

positions of the layers are reversed (Anketell et al., 1970). This has important implications for 

lateral and vertical connectivity and permeability of sand bodies.  

 

 

 

Figure 5-19. Linkage between types of load structures as the observed in the Castissent Sequences. 
From left to right, simple load casts can develop into pendulous load casts. These can develop into 

detached pseudonodules, attached pseudonodules or isolated mud diapirs. Attached pseudonodules 
can develop into detached pseudonodules, and into ball-and–pillow structure. Shading represents 

denser sediment (l.c. = load casts, p/n = pseudonodules) (from Owen, 2003). 

 

In addition to providing information on the extent to which liquidization and remobilisation of 

sediments developed, load structures provide information on sediment rheology and position 

along the depositional profile. Owen (2003) demonstrated that load structures driven by 

density contrasts can be considered as a deformation series that increases in complexity from 

simple and pendulous load clasts to pseudonodules and ball-and-pillow structures (Figure 5-

19). Other authors compare “detached” (dominated by lateral movement forming slides, 

slump deposits and debrites) and in situ (dominated by vertical movement forming flame 

structures, pseudonodules, and ball-and-pillow structures) soft-sediment deformation 

structures, and indicate a level of stratigraphic organisation and predictability along the 

depositional profile (Oliveira et al. 2011, see Figure 5-20). The complexity or the extent of the 
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deformation is a function of the magnitude of the driving force and the duration of its effective 

action. Structures further along these series imply either a stronger driving force (e.g. greater 

density contrast, or a combination of density and differential loading) or a longer duration of 

liquidization (e.g. a very thick lower layer that requires a long time to regain strength) (Owen, 

2003). 

 

 

 
Figure 5-20. Classification scheme for soft-sediment deformation structures based on the distance of 
transportation and type of stress, with indication of the dominant deformation mechanism (dashed 

rectangles). The orthogonal shear is relative to bedding. Arrows indicate linkages between structures 
and dominant stress (continuous arrows) or structures affected by two or more types of stress (dashed 

arrow). Large detached arrow indicates the general trend for slope instability (from Oliveira et al., 2011).  

 

 

5.3.2. Remobilization and mass-transport deposits (MTD’s) 

In addition to loading, soft-sediment remobilisation may result from the deposition of 

sediments on a gradient and a downslope component of body force. Resedimentation driven 

by gravitational forces that move sediment downslope range in scale from minor creep to 

major translational slides, slumps and debris flows (see Gm facies above) and may take place 

on a range of timescales. Sediment creep is a semi-continuous process caused by load-induced 

stress, whereas, slides, slumps and debris flows may occur with durations of minutes to hours 

(Evans et al., 1998). During any single downslope event these various processes may operate 
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together or in a temporal sequence, for example, sediment creep may freeze/decrease or 

alternatively, a critical threshold may be reached, causing failure and slumping which in turn, 

due to the entrainment of fluid may evolve into a debris flow and ultimately into a “surge-

type” turbidity current (see text above and Figures 5-14 and 5-21). 

 

 

5.3.3. Triggering mechanisms 

Gravity failures are generally associated with a triggering mechanism such as cyclic loading 

(seismic vibration and wave banging), rapid sedimentation and/or over-steepening of 

depositional slopes, changes in pore pressure (usually a rapid increase of excess pore pressure 

of liquid and/or gas) or extensional deformation (Morton, 1993). The main triggering 

mechanism is commonly attributed to earthquake shaking, high sedimentation rates or a 

combination of both (Laberg and Vorren, 2000). However, geological evidences to discriminate 

between the two mechanisms are generally missing (Mulder and Cochonat, 1996). 

In the Castissent sequences, deformed beds almost never show lateral uniformity, and they 

are often present, with more or minor impact, at the base of sandstone lobes. However, some 

liquefied levels can be physically followed and laterally related with mass transport deposits 

located to the west (Charo region, see Geologic Map in Addendum), and their position in the 

field close to local tectonic structures appear to indicate an origin by seismic vibration due to 

earthquakes (Poyatos-Moré, 2009; Remacha et al., 2011). This seismic activity would be 

associated with thrusting periods of the lateral ramp area of the Montsec-Peña Montañesa 

unit (La Fueva System, see Geological Setting and Previous Works), and especially with the 

activity of its local thrusts (Atiart and Samper thrusts). The widespread presence of “in-

situ”deformation within sandstone lobe facies in the central part of the succession is mainly 

due to their transport distance, which is much smaller than in the case of deformed 

remobilized facies that occur in the western part (Tierrantona road section). However, thrust-

associated cases have been observed where they show lateral continuity throughout the study 

area, and this has therefore allowed considering them as seismites to be used as key marker 

beds for correlation (see Stratigraphy and also Correlation Panel in Addendum). 
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Figure 5-21. 3D diagram showing the range and geographic position of soft-sediment deformation, 
including Mass Transport Deposits (MTD’s), slope 'creep' and foundering, and local channel margin 

collapses (from Wild, 2005). Increased sedimentation rates and/or thrust activity may lead to failure due 
to over-steepening of the distal delta front at the shelf edge and/or increased pore pressures within 
unlithified 'wet' fine-grained sediments. This can lead to 'creep' where unstable sandstone packages 

move downslope or trigger large-scale slumping and the initiation of MTD’s. Retrogressive failure and 
headward migration of the slump scar might control the position of future incision events on the slope 

and/or enhance ignition of subsequent hyperpycnal flows through the previously incised gully (e.g. Eyles 
and Lagoe, 1998; Locat and Lee, 2002; McHugh et al., 2002). 
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5.4. Facies Associations 

Facies associations are the highest frequency expression of facies stacking that can be 

observed in the study area. They are considered to be product of the evolution of typical 

autocyclical processes from each depositional environment where they form, and they 

therefore build different architectural elements which allow determining their position along 

the depositional profile, which otherwise could never be inferred from a single and local facies 

observation. Moreover, genetically-associated processes are typical from a depositional 

system, or a part of it, where the energy increases or decreases following the same energetic 

gradient of the system, in a predictable way. Consequently, they produce a facies set whose 

relative position is predictable after the Walther’s Law (see Facies tract below). 

It is important to highlight that facies associations do not necessarily have a specific sequence 

stratigraphic meaning by themselves, because they just record the evolution of a sedimentary 

environment, in a determined space, during periods of times sufficiently short to allow 

considering accommodation changes negligible. Facies associations show successions that 

typically manifest the progressive shallowing or deepening of a local depositional profile, as a 

result of sedimentation.  

 

5.4.1. River-mouth facies associations 

Facies associations dominating the western part of the study area (west of La Foradada Fault) 

are formed by deposits stacking to form the river-mouth elements of the feeding fluvial 

systems of the Castissent deltas (Figure 5-22). Here is where coarsest facies are found.   

Facies Association R1 mainly involves gravel to sandstone facies (see Table 5-1). Bed sets range 

from 1 to 15 m-thick, but normally do not exceed 8 m, and alternate clast and matrix-

supported textures. Matrix, when observed, is medium to fine-grained sand, and generally 

poorly sorted. Beds are thinning and fining-upward. Internal facies changes are not always 

easy to observe in the field, although in some cases rough troughs cross-beds (Sx1) passing 

vertically to planar cross-beds and ripple-laminated horizons (Sx2) are recognized. Other 

remarkable features observed include irregular tops, internal traction carpets (GgS) and 

occasional lenticular conglomeratic lags (Gcs) associated with their large-scale erosive bases 

and internal reactivation surfaces. These described features and bed geometries indicate pure 

bed load transport and bypass processes in a channelized setting, with deposition of the 

coarsest particles in the head of the flow and a clear by-pass of the rest of grain populations, 

which exert traction over the previous deposited sediments. 
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Figure 5-22. Field examples of river-mouth facies associations. 

Facies Association R2, in turn, include gravel to sandstone facies but is more matrix-supported, 

ranging from moderately to poorly-sorted. Cycles are often 1 to 3 m-thick, with structureless 

to crudely-stratified bases (Gs or Ss), showing abundance of coarse to fine-grained sandstones. 

Occasional inversely-graded bands giving traction carpets are observed (GgS), with the largest 

clasts embedded in a more abundant matrix or imbricated following sub-horizontal diffuse 

alignments. Other features include highly erosive bases and irregular tops, as well as ripped-up 

mud clasts, in this case oriented following rough cross-beds to the upper part of the layers (Sx1 

or Sx2). After depositing the heaviest material previously, the remaining larger clasts are still 

transported as bed load, while finer grains, which compose the matrix, correspond to the 

suspended load carried by turbulence, trapped in the basal flow, of relatively higher 

concentration and velocity. The larger clasts move freely on the basal part of the turbulent 

flow that overpasses this deposit to travel further and often imbrications are present.   

Grain populations in Facies Association R3 are mainly medium-grained sand and scarce gravels, 

in cycles ranging from 50 cm up to 6 m-thick. The texture is moderately sorted and the most 

significant sedimentary facies are sigmoidal or tangential cross-sets (Sx1, 2 or 3) in the base of 

beds, slightly eroding the stoss side of underlying bedforms. Other remarkable features are the 

local abundance of soft clasts, together with the presence of lenticular gravel carpets in the 

topsets (Gcs or Gs), highlighting the common coarsening-up profile of these cycles. They 
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suggest migration of straight or sinuous bedforms at the base of long-lived high density 

turbulent flows.    

  

Interpretation 

In river mouths, transformations undergone by sediment-laden flows when enter a standing 

body of sea water are mainly characterized by a sudden loss of transport ability with the 

possibility of production of hydraulic jumps, due to changes in their density and momentum, 

and the subsequent formation of axial or longitudinal turbulent currents (Wright, 1977, Mutti 

et al., 2003).  

These processes can trigger an eventual freezing of the frontal part of the flow, which tends to 

be denser and coarser, and generate a progressive decrease in flow velocity together with a 

frontal expansion of the flow. This can lead to the segregation of the coarsest grain 

populations and the bypass, in successive sedimentation waves, of the body and tail of these 

flows, more diluted and finer-grained (Figure 5-23). The ratio between flow efficiency and 

water depth controls essentially the amount of flow energy lost in the moment when a river 

flow enters seawater (Mutti et al., 2003). Consequently, this ratio determines the amount of 

sand trapped in river-mouth settings and which populations will overpass to reach the shelf 

domain through the formation of hyperpycnal flows (Bates, 1953).  

The presence of clast-suported conglomerates (Gcs) in these proximal depositional settings 

can be seen as recording deposition of the granular frontal part of a sediment-laden flow, 

where the coarsest particles are more concentrated. Matrix-supported facies (Gs and Ss), in 

contrast, would record deposition from the end of this frontal part, overpressured. On the 

other hand, the presence of traction-dominated facies in proximal successions (GgS and Sx) 

can be interpreted as mainly deriving from processes related with the bypass of the main body 

and tail of the flow, more turbulence-dominated. Reworking processes exerted by these parts 

over the previously deposited bedload deposits would result in the local formation of traction 

carpets on top of these coarse-grained successions (Figure 5-23). 

This way, clast-supported conglomerate facies (Gcs) are often genetically-related to gravely 

sandstones (Gs) and sandstone (S) facies, in proximal successions, building medium to thick-

bedded sandstone-dominated single beds building channelized bars. These associations could 

be interpreted as sigmoidal bars in the sense of Mutti et al. (1996), although outcrop 

constrains do not allow a lateral observation to demonstrate this hypothesis, and thus clast-
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supported conglomerates and most of gravel facies associations here reported can be just 

associated to gravity flows formed by river-flood deposits. 

The examples of river-mouth facies associations in the most proximal sections of the study 

area (eastwards of La Foradada) are interpreted to have formed in a distributary channel 

environment (R1); transported and deposited by dominant bedload processes in a proximal 

mouth-bar setting (R2); and related to the migration of straight or sinuous bedforms in a distal 

mouth-bar (R3) (Figure 5-23). Also, highly bioturbated siltstone and mudstone deposits (Mm 

facies), corresponding to fine-grained divisions inter-bedded with the sandy deposits already 

mentioned, often having a massive appearance without obvious grains to the naked eye on the 

field, and no other structure recognized except root bioturbation, more or less abundant, 

developped from certain surfaces that may represent periods with a temporary stop of 

sediment supply in inter-channel flood plain settings. 

 

 

 
Figure 5-23. Geometry and component deposits in a flood-dominated river mouth showing the 

complete development of a coarse-grained mouth-bar. Paleocurrent direction is from left to right. See 
text for explanation concerning facies and processes. Modified after Mutti et al. (1996, 2003). 

 

 

5.4.2. Deltaic/shelfal facies associations 

Most of deposits of the upper sandy divisions of Cs-1 sequence, as well as the lower Cs-2 

strata, and conforming the bulk of the outcrop belt of the study area, are constituted by 

deltaic facies associations, especially delta front sandstone lobes, a fluvio-deltaic element with 

a major volume and extension than those previously described (river-mouth deposits, see 
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above and Figure 5-22). They can be mapped along approx. 8 km in the central part of the 

study area (see Geologic Map and Correlation Panel in the Addendum), and characterize 

predominantly the Castissent deltas (Units C4 and C5 on top of Cs-1, and Unit C6 in the lower 

Cs-2, see Stratigraphy).  

 

 

Figure 5-24. Field examples of delta front facies associations. 

 

Deltaic facies associations own intermediate characteristics between river mouth and shelf-

edge/slope zones, and are mainly represented by massive, tabular and moderately to highly 

bioturbated layers. Paleocurrent values indicate migration towards the NW. In the field (see 

Correlation Panel in Addendum) it can be seen how tabular and massive beds (D1) pass 

downcurrent to intermediate facies associations showing different types of combined flow 

structures (D2 and D3, Figure 5-24), with paleocurrents indicating an ESE/WNW oscillatory 

component overprinted on the dominant river-driven unidirectional component (NW). Facies 

associations D1 to D3 characterize the central part of the stratigraphic succession (Units C4 

and C5, Casa Rolespe, Santo Cristo, San Quilez and Lenera Pelada sections, Correlation Panel in 
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the Addendum), passing to prodelta/offshore facies associations with thin-bedded graded 

beds and a wide spectrum of examples of unidirectional to combined flow ripple laminations 

(P1 to P2) or eventually to outer shelf highly-bioclastic facies associations (O1 to O2), related 

with period of relative starvation of clastic sediment supply (Figure 5-25). These facies 

associations, which range in size from mm-scale up to m-scale examples, can stack to form 

several m-thick packages of tens of meters of lateral extension (see Correlation Panel in 

Addendum). The stacking pattern of deltaic facies associations often displays coarsening-up 

and m-scale vertical prograding sequences (see Figure 5-26), although some examples of 

retrograding stacking have been observed towards the lower/middle part of the Castissent-2 

depositional sequences (Units C7 and C8, see Stratigraphy and Boya, 2011) .  

 

 

 

 

 

 

 

Interpretation 

Most of sediments deposited beyond river mouths, and sometimes laterally attached to 

mouth-bar deposits, are related with the body and tail of the river flood. They are interpreted 

as delta front sandstone lobes, deriving from gravitational failures of the most diluted parts of 

hyperpycnal flows, which advance and overpass river-mouth settings to reach further positions 

within the shelf (see Figures 5-23 and 5-27). In these relatively long-lived turbulent flows, 

density is vertically stratified: sand and mud are transported as suspension load, whereas the 

remaining gravel and coarsest particles which have not been deposited in mouth-bars are 

mainly transported as bedload (basal traction carpet, Mutti et al., 1996). The widespread 

Figure 5-26. Field example of a deltaic prograding cycle in Santo Cristo 
section and ideal sequence of shelf-deltaic facies associations. 
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presence of cross-stratification in delta front facies, especially in the most proximal examples 

(sections 1 to 4 in Correlation Panel, Addendum), clearly indicates a more dominance of 

traction and traction+fallout processes, related with the turbulent nature of flows, compared 

with deposits deriving from inertia dense flows, as the previous mouth-bar deposits (see text 

above). Thus, it is considered that most of flows that reached delta front positions in the 

Castissent deltas were relatively long-lived and density-stratified turbulent hyperpycnal flows, 

with eventual and local transformations back to basal inertia or granular flows produced by the 

entrapment of seafloor material in rip-up clasts, or as response to liquefying processes (Todd, 

1989). 

Deposition and formation of mouth-bars (R2-R3) may contribute to modify dynamic and 

morphologic conditions for the generation, sustention or ignition of hyperpycnal flows, 

through the creation of morphologic steps or slopes (foresets) (see text above and Figures 5-7, 

5-23 and 5-27). The progressive basinward progradation of previous R2 and R3 deposits would 

produce a zone of changing gradient (rollover) which separates a shallow-marine proximal 

zone (topset), from a deeper and more distal depositional zone (bottomset).  

Thus, if river-mouth settings were characterized by evidences of bypass of gravity flows, 

exerting high shear stresses during their movement entering a standing body of seawater, and 

where sediment is mainly transported as bedload, the immediate downcurrent zone, in the 

delta front, will be characterized by a progressive depletion of flows with the consequent 

progressive loss of transport ability, and therefore increase of sediment fallout. This zone, 

where deltaic facies associations deposit, is also defined by the coexistence between 

sedimentation of coarsest particles (in this case, medium-grained sands, and some remaining 

pebbles) and bypass of finer grains (fine sand and silts). These fine-grained populations, 

through an increase of fallout collapse and a sediment reconcentration phase beyond the 

rollover zone (foreset), will plunge enhancing the ignition of the hyperpycnal flow (McLeod et 

al., 1999; Tinterri, 2007; see Figure 5-27). In this zone, on the other hand, where progressive 

deceleration and lateral expansion of flows are found, there is also the possibility to generate 

hydraulic jumps, as evidences of erosive surfaces and significant scours observed in facies 

associations D1 and D2 would suggest (Wright, 1977; Allen, 1982). 
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Figure 5-27. Geometry and component deposits in a flood-dominated delta front to prodelta setting 
showing processes involved in the complete development of a deltaic sandstone lobe in a constantly fed 

clastic system [Scenario A], or development of a carbonate-rich outer shelf during periods of relative 
starvation of sediment supply [Scenario B]. Paleocurrent direction is from left to right. See text for 
explanation concerning facies and processes. Modified after Mutti et al. (2003) and Tinterri (2007). 
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5.4.3. Upper slope facies associations 

Deposits of the lower units of Cs-1 sequence, and also some of the westernmost strata of Cs-2, 

can be attributed to slope sedimentation. They constitute most of the volume of the Castissent 

sequences, at least in the northern region of the study area, and become progressively 

dominant from east to west (see Geologic Map and Correlation Panel in Addendum) to replace 

completely all deltaic/shelf deposits towards the north-west, in the Fosado region. Slope 

deposits can be mapped along approx. 10 km, westwards of La Foradada fault, throughout the 

north-central to north-western part of the area, and characterize predominantly those units 

belonging to the slope fan related with the Castissent deltas (Units C2 and C3), but also the 

distal part of deltaic units (Units C4, C5 and C6, see Stratigraphy). In this case, the fossil 

content is not very abundant, with scarce bivalve fragments and shelfal foraminifera, but the 

abundance of oxidized organic matter, mica and plant debris, is very significant in some cases; 

bioturbation is also present but often not strong enough to erase primary sedimentary 

structures, thus allowing a better identification of subtle differences within upper slope 

deposits, which otherwise would be very demanding to differentiate if not impossible. 

Figure 5-28 shows different facies associations of upper slope deposits. S0-S1 facies 

associations are composed predominantly by mud-dominated layers with poor selection, with 

elements of different sizes ranging from gravel to sand and intrabasinal clay blocks floating in a 

clayish matrix (Gm3), usually laterally related with highly liquefied deltaic sandstones located 

in the platform (see Deformation section and muddy gravels above), with sometimes a 

normally-graded turbidite bed on top; S2 facies association correspond to composite beds with 

different sequences of massive to graded fine to medium-grained sandstones (Ss), which may 

have erosive base and generally a good selection with distribution grading; very fine-grained 

sandstones with parallel lamination of high flow regime (Sng1) that can foliate, giving parting 

lineation and/or showing abundant organic matter of plant remains in the foliation planes; 

intervals of Sng2 facies show the same grain size that Sng1, but unlike the latter these facies 

are cross laminated and current ripple-laminated sandstones, often even displaying climbing 

ripples; Msm correspond to few cm-scale divisions and generally of few millimeters with 

streaked siltstones and mudstones with parallel lamination of low flow regime, alternating 

parallel laminas of silt and clay formed by shear sorting, suggesting a marked predominance of 

fallout processes outpacing traction processes; finally, Mm correspond to the subdivisions of 

massive structureless shale, with no grain shows for the naked eye and no structure is 

recognized except bioturbation, which can be more or less pervasive, developed from certain 

surfaces that represent boundaries of strata where sedimentation temporarily stopped.  
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Figure 5-29. Ideal sequence of upper slope deposits (after Remacha et al., 2011) and field examples of 

different slope elements with [A] hyperpycnal lobes from the Tierrantona road and [B] a channelized 

body in Lanata river. 
 

Interpretation 

The most typical sequence of slope deposits observed in the study area is that recording the 

creation, infill and abandonment phases of gullies or slope conduits (Figure 5-29). Channel 

surfaces appear to be mostly created by slump-slide deposits or debris flows which are in 

many cases the product of the downcurrent evolution from remobilized highly-liquefied facies, 

or even seismites (see Deformation section above), as a response to the oversteepening of the 

gradient in the shelf-edge region triggered by the activity of local thrusts, especially before 

shelfal facies become well lithified. This lateral relationship between liquefied deltaic deposits 

and slope facies can be observed by walking bed surfaces in the field (see Correlation Panel in  

Addendum). A very distinctive feature of slope deposits is that packages often show a basal 

erosive surface, which highlights the base of the slope channel or gully where facies are 

contained. These scours record a certain sediment bypass to further positions basinward 

(Figure 5-30) and are often initially filled by coarse-grained material (S0), composed by the 

A 

B 



Chapter 5                                                                                                                                                Facies Analysis   

 
 

130 

 

coarsest sediments that can be carried just few meters beyond the slope channel head and 

may even reach the base-of-slope settings (see Fosado Channel in Stratigraphy and also 

Obradors-Latre, 2012 and Obradors-Latre et al., 2013). As previosuly mentioned, these mass-

transport deposits are often found incising slope fine-grained sediments, which sometimes 

unable a clear field identification of the basal channel surfaces due to the low lithological 

contrast found between the channel-fill and the surrounding sediment, especially when the 

sediment fill is mud-rich (see Gm facies). 

 

 

Figure 5-30. Geometry and component deposits in a flood-dominated slope setting showing processes 
involved in the creation of mass transport deposits (S0) and associated surge-type turbidite beds (S1), 

and also the complete development of slope hyperpycnites (S2) due to by-pass/re-ignition of 
continental-derived hyperpycnal flows through previously excavated gullies. See text for explanation 

concerning facies and processes. 

 

Facies Association S0 (passing downcurrent to S1) is composed predominantly by fine-grained 

layers with poor selection, with elements of different sizes ranging from gravel to sand and 

clay intrabasinal blocks, floating in a shaly matrix. The matrix can be poorly-sorted sandstones 

to shales (mud flows) and mostly correspond to deposits from cohesive debris flows (Gm2). 

Other cases of chaotic deposits included in this division are physically related to deformed 

slump-slice deposits, and others seem to be clearly related to mass transport processes after 

liquefaction of sands (Gm3), usually from delta front to the shelf-edge settings (see text above 

and Correlation Panel in Addendum). Anyway, these facies include all chaotic deposits in the 
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spectrum between liquefaction with moderate transport rates, mass transport cases with 

plastic deformation, to real cohesive debris flows. All this spectrum of facies appears to have a 

common origin from earthquakes leading to instabilities in relatively-high gradient zones 

(shelf-edge). In the study area the gradient was controlled by the relative position of the shelf-

edge to the steeper limbs of thrusts ramp anticlines, where the slope was progressively 

accentuated as a result of the seismic pulses related with the propagation of local thrusts, thus 

leading to consider these chaotic deposits as truly seismites (Remacha et al., 2011).  

 

Slope hyperpycnites  

The complexity and variability of slope hyperpycnites has led to consider them as an 

independent facies association (S2) that will be described separately, since the lack of very 

strong erosions downcurrent, even during flood peaks, allows a better preservation of the 

waxing interval subdivisions of the composite layers, and thus they show a complete record of 

the flood hydrograph (see text above) in some of the beds preserved within the slope channel-

fills. Thus, S2 can be subdivided in different intervals that will appear or not depending on the 

position of the deposit along the depositional profile, and the ability of the flood peak to erode 

the previous waxing-limb deposits (see Figures 5-11 and 5-12, also Zavala et al., 2011). 

Slope hyperpycnites mainly consist of massive sandstones passing to graded layers of fine-

grained material, in packages between 20 and 80 cm-thick (Figure 5-28). They can show 

internal erosive surfaces and they often have good sorting with distribution grading. Towards 

the top, beds can develop very fine-grained facies subdivisions, sometimes with no 

representation of upper regime parallel-laminated facies (Sng1), possibly due to an excess of 

fallout (Baas, 2004). Beds show, in most of cases, a basal massive package (Ss) passing directly 

to a ripple-laminated interval (Sng2) and then to parallel-laminated (Msm) to massive muddy 

subdivisions with or without bioturbation (Mm). This later contact at the top of the ripple-

laminated subdivisions is a clear indicator of sediment bypass of all remaining grain 

populations, mainly silt and clay, which would travel to further positions to the base-of-slope 

region. Sometimes it is possible to recognize amalgamation surfaces between two massive 

layers, and occasionally even three. In those cases where amalgamation of massive intervals 

occurs, there is a subtle increase in grain size in the upper beds. Bioturbation has been 

observed in a few cases at the base of the massive intervals, which usually culminate a 

coarsening and thickening-up sequence (waxing) that started in turn with a bioturbated muddy 

unit. At the top of these massive subdivisions, an overall positive grading interval generally 

builds up (waning), very well preserved, culminating again with a bioturbated mud on top. 
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5.5. The concept of “facies tract” and depositional model of the study area 

As already mentioned, the approach used in this work is based on the introduced concept of 

"facies tract" of Mutti, (1992). Following this conceptual approach, a facies tract is an ideal 

association of all different facies types, genetically related, which record the downstream 

evolution of a sediment gravity flow, within each considered system. The facies concept in a 

genetic sense, in other environments not being strictly deep water turbidites, is normally 

referred to a group of beds essentially following the Walther’s Law; thus, in any case, an ideal 

facies tract must be seen as the facies succession recording deposition of a single 

sedimentation event, which would be also possible to be deduced from a genetically-related 

group of beds strictly applying the mentioned law. Consequently, a facies tract should be 

understood as a concept summarizing the whole facies spectrum deposited by an ideal single 

sedimentary event, with availability of all grain size populations (boulders to clay). This 

provides facies prediction skills at least to work within a long-lived depositional system or 

systems tract, and can be used to compare and exchange different facies and processes 

occurring in various systems belonging to different or similar geological settings. Subsequently, 

a principal application of the facies tract concept is often oriented to reduce hydrocarbon 

exploration risks.  

 

 

 
Figure 5-31. Two examples of physically established lateral facies associations from river-mouth to 

upper slope in the upper Unit C4 deposits (for more details, see Stratigraphy Chapter).  
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The most important condition before the proposal of a facies tract is to obtain a detailed 

correlation framework based on relatively long-distance bed-by-bed correlations or correlation 

of strictly time-equivalent groups of beds, bounded by sedimentary discontinuities and thus 

surfaces having a chronostratigraphic character (Figure 5-31). For this reason, the stratigraphic 

framework of the Castissent depositional sequences has been based in the detailed measuring 

and correlation of 30 stratigraphic logs accounting a total thickness up to 5 km (see Correlation 

Panels in Addendum and Methodology). At the same time, distinctive groups of beds have 

been physically traced in the field and/or mapped on satellite images to ensure the correlation 

of strictly time-equivalent groups of beds, with the correlation approach intended as the 

demonstration of correspondence between groups of beds, in this case through a careful 

geological mapping.  

The intepretation of the facies tract involving most of the deposits (river-mouth to upper 

slope) found in the study zone is shown in Figure 5-32. In summary, the studied deposits are 

mainly clastic (except for some local carbonate facies) and composed by a wide range of grain 

populations, from boulder to clay, showing variable volumes depending on each deposit and 

depositional environment considered. As already mentioned, the macrofossil content of the 

Castissent deposits is also variable and is mainly represented by bivalve fragments, gastropods, 

bryozoans and especially foraminifera, particularly nummulitic examples (see text above). 

Another highlighting feature in the fluvio-deltaic to deep marine sediments is the very 

common presence of deformation and bioturbation, ranging from pervasive to low degree, 

and continental organic matter, especially present towards the west of the study area. 

Paleocurrent directions in general indicate flow directions towards the W-NW, shifting to 

dominantly NW to the western part of the study area.  

The presence, in fact, of matrix- to clast-supported gravels with mud clasts (river-mouth 

deposits) indicates bedload deposition from inertia dense flows, whereas all the finer-grained 

laminated facies (deltaic and slope deposits) can be easily associated to turbulent sediment 

gravity flows. Thus, the facies tract of the study area is overall interpreted as the result of 

deposition from horizontally bipartite and continental sediment-laden hyperpycnal flows, 

during its movement entering sea water, depositing sediments from the fluvio-deltaic 

transition to the deep-water turbidite succession, where they also incorporate sediment from 

instability process and associated “surge-type” flows. 
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6. STRATIGRAPHY 

 
In this chapter, the different units forming the Castissent depositional sequences will be 

defined, from base to top, according to their major boundaries and main descriptive features 

(Figure 6-1). A location and description of all them will be provided (although some units have 

been studied in a higher detail than others), together with a summary and examples of their 

deposits (with constant references to the previous Facies Analysis Chapter). Finally an 

interpretation will be offered to link all defined units in a sequence stratigraphic framework.  

 

 

Figure 6-1. Synthetic correlation panel of the Castissent depositional sequences within the study area, 
between the Ésera River (E) and the Charo region (W), showing their main units and geometric 

relationships (modified after Remacha et al., 2011, data from Poyatos-Moré, 2009; Boya, 2011 and 
Obradors-Latre, 2012). 

At least 9 different major stratigraphic units have been recognized in the study area, from the 

Ésera river valley (east) to the Sierra de Arro (west), encompassing all deposits of Cs-1 and Cs-2 

sequences. These units will be hereinafter referred, from base to top, as: C1 to C9. The first 

five units (C1 to C5) correspond to the lower succession belonging to the Castissent-1 

sequence, and are contained in the interval between the Atiart unconformity (base) and the 
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Charo-1 unconformity (top); C6 to C9, in turn, define the sedimentary fill of the Castissent-2 

sequence and are encompassed between the Charo-1 canyon and the Charo-2/Lascorz 

unconformity, which becomes the uppermost boundary of the studied section, and also the 

southern boundary of the study area (see Figure 6-1 and Geologic Map in Addenddum).  

The description and definition of all these units will follow strictly the vertical stratigraphic 

succession, starting from the lowermost Unit C1, located in the NW of the study area (Fosado 

region, see Geologic Map in Addendum) and will pass through the rest of units until reaching 

the uppermost one, Unit C9, which just outcrops in the south-eastern edge of the study area 

(Ésera valley), due to the subsequent large-scale submarine erosion, located on top of the 

Castissent-2 sequence (Charo-2/Lascorz unconformity, Figure 6-1; see also Geological Setting 

and Previous Works).  

 

6.1. The lower Cs-1 succession (Units C1 to C3) 

6.1.1. Unit C1 (Fosado Unit) 

Based on Obradors-Latre (2012) and Obradors-Latre et al. (2013), the Fosado turbidite channel 

must be seen as a multi-episodic channel-overbank system, in which different erosion/infilling 

phases succeed each other, implying different sedimentary facies and facies associations. In 

order to allow a better comprehension of the architecture of this channel succession, different 

unconformities affecting depositional units are considered, organizing their surfaces following 

hierarchy criteria. It must be taken into account that this channel is also considered as the 

transference area of the Torla turbidite system (Mutti et al., 1988; Remacha et al., 2003), one 

of the most important sand-rich turbidite systems of the Hecho Group. This last approach 

implies that, in an overall balance, the Fosado channel is dominantly a sediment transfer 

system. Therefore, this transference would be mostly recorded in basal erosions and surfaces 

of individual channels, and in a less proportion in facies indicating sedimentary by-pass (Gcs 

and Gs facies, see previous chapter). Deposition of facies infilling these primary erosional 

conduits implies that the system was progressively much less active, and became inactive in 

different stages coinciding with the development of finer and more expansive facies, 

immediately preceding younger large-scale erosional features.   

6.1.1.1. Stages of growth of Unit C1 

In the Fosado channel succession 2 main growth stages were identified, referred from base to 

top, as C1a and C1b (Figure 6-2). C1a contains a relatively high percentage of sandy units in its 
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individual channels, as well as abundance of deposits from hyperconcentrated flows (Gm 

facies). The lower package including these deposits described above is interpreted as part of 

the basin-floor fan succession of the Cs-1 sequence (in a classical sequence stratigraphy 

perspective). 

By contrast, C1b is a dominantly muddy unit, composed by finer-grained channels, thus less 

evident to recognize, mainly due to the lack of contrast among the surrounding mud-rich 

facies, belonging to levee and overbank settings (with Sng and Msm facies). They have been 

interpreted as part of an upper slope fan related with the Castissent deltas (Remacha et al., 

2011, see text below).  

A study of evolutionary stages mainly focused the lower C1a unit (Obradors-Latre, 2012; 

Obradors-Latre et al., 2013) where, according to unconformities mapped and recognized, 7 

different stratigraphic units can be identified (see Geologic Map and Correlation Panel of the 

Fosado Channel in Addendum). 

 

Figure 6-2. Figure showing the major units defined in the Fosado Channel (modified after Obradors-
Latre, 2012). See an enlarged version of the correlation panel in Adenddum. 
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The track and mapping of this basal surface implies a lateral equivalence with the already 

mentioned Atiart unconformity (see Geological Setting and Previous Works), and due to 

different features observed on facies below the contact, the lowermost unit of the correlation 

panel has been included in the top of the underlying Castigaleu sequence, much older (Figure 

6-2). Therefore, the Atiart unconformity would also form the base of the Cs-1 depositional 

sequence to the west of the study area, as it is also considered for the Cs-1 succession located 

in the hanging wall of the Atiart thrust (see text below); field evidences suggest considering 

this boundary also in the footwall succession of that structure. Consequently, the 

unconformity found in the basal erosive surface of the Fosado channels would correspond to a 

major third-order sequence boundar (in the sense of Van Wagoner et al., 1988; see Davoli et 

al., 1991). This boundary was later extrapolated by Remacha et al. (2003) as a basin-scale 

Tecto-Sedimentary Unit sequence boundary (see Geological Setting and Previous Works), so it 

could be also seen as a second-order sequence boundary. Over the Atiart unconformity, and 

according to the stacking patterns observed, 5 lower order and high frequency sequences 

(probably 4th order-scale, although it is not been proved yet) have been recognized, 

hereinafter referred as, from base to top, C1a-1, C1a-2, C1a-3, C1a-4 and C1a-5. 

 

6.1.1.2. Lower units of C1a (a1, a2 and a3)            

Units a1, a2 and a3 are all of them sediment packages bounded by unconformities that imply 

important basal submarine erosions in the Fosado region (Figure 6-3, see also Geologic Map of 

the Fosado Channel in Addendum). When approaching the marginal areas of the channel 

region, towards both the E and W, these conduits become less pronounced until they 

disappear or are impossible to distinguish from the surrounding fine-grained material. Over 

these unconformities, the main stacking pattern involves a lower part with profusion of high-

scale lateral migration, followed by an upper part with more reduced channels, displaying an 

aggradational trend (Obradors-Latre, 2012, see Figures 6-4 and 6-5). As a consequence, 

unconformities encompassing these stacking patterns represent the boundaries of high-

frequency subdivisions and fit within a high-resolution to sub-seismic scale (4th order).     

These high-frequency units display abundance of thick hyperconcentrated flow deposits (Gm), 

which in cases of units a1, a2 and a3, have also lenticular clast-supported conglomerate bodies 

(Gcs). These very coarse-grained facies may also include dominantly sandy intervals and/or 

local fine-grained levels. These levels are interbedded among the hyperconcentrated deposits 

contained within the erosional conduit of a1 unit, which do not show evidences of overbank 



Chapter 6  Stratigraphy 

139 

 

deposits, and thus do not recover the original relief prior the incision of the erosive conduit 

(Figure 6-3). However, after the lateral migration stage, the main conduit remains relegated to 

a relatively shallower and wider submarine channel than in the previous periods (Figure 6-5). 

 

 

Figure 6-3. Figure showing the lower units of C1a (a1, a2 and a3). Modified after Obradors-Latre (2012). 

 

Over the first coarse-grained infilling stage, all three basal units (a1, a2 and a3) develop a 

second stage with a predominantly aggradational stacking pattern, dominated by depositional 

channels (Figures 6-3 and 6-5). In these channels, the presence of hyperconcentrated flow 

deposits (Gm) is notably reduced until it completely disappears towards the top, with a 

volumetric predominance of sandstone facies (Ss), which acquire a prominent role on 

sedimentation. The sand bodies involved in the aggradational parts of a1, a2 and a3 units are 

markedly arranged in minor-scale lateral accreting units, corresponding to moderately-small 

high-sinuosity channels (Obradors-Latre et al., 2013), always below the seismic resolution 

(Figure 6-4). These latter small channels, in contrast with those cases of high-scale lateral 

accretion at the base, are recognizable at outcrop-scale, giving the base for higher-frequency 

cycles (5th order). However, these cycles are not going to be described nor represented in the 

correlation panel due to format constraints (see Facies Associations of the Fosado Channel 

below). 
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Figure 6-4. Figure showing a field example of minor-scale lateral accreting units in the lower succession 
of the Fosado Channel (Unit C1-a3). Modified after Obradors-Latre (2012). 

 
 

Channel-margin and overbank facies associations have been observed predominantly in the 

vertical accretion stages, and are less developed in Units a1 and a2 than in unit a3, where they 

reach their maximum thickness in the eastern flank of the channel (Figure 6-3). These facies 

are mainly composed by mud-rich sediments (Msm and Mm), in all cases interbedded with 

sandy facies (Sng), organized in thining and fining-upward units, where lower parts are 

distinctively sandier, commonly forming well-differentiated packages where facies Sx can be 

also present (Figure 6-6). 

 

Figure 6-5. Idealized facies model for the channel-fill deposits in the lower units of C1a (a1, a2 and a3). 
Modified after Obradors-Latre (2012). 

 

 

6.1.1.3. Upper units of C1a (a4 and a5)            

Units a4 and a5 represent an important change in the stacking pattern which implies 

development of depositional channels (less incised, Figure 6-7). Among these channels, the 

presence of coarse-grained facies (Gm) remains involved in basal terms over large-scale 
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erosive features, although a major difference is the anecdotic presence of lag deposits (Gcs) in 

both units. Another important difference is found after the lateral accreting stage to the base 

of Unit a4, where a vertical aggradational unit is clearly developed with relatively low-erosive 

channels, compared with the examples in the lower units, and with a pronounced vertical 

aggradation (Figure 6-7). These depositional channels generally show channel-margin facies 

associations as described by Mutti (1977) (Figure 6-6B). Finally, in the uppermost part, 

channels become small and isolated, together with a strong development of overbank facies 

associations (Figure 6-6A). 

  

Figure 6-6. [A] General appearance of overbank deposits. [B] Detailed view of channel-margin facies, 
with a dominant presence of current and climbing ripple-laminations. After Obradors-Latre et al. (2013). 

 

Unit a5 is what it has been classically known as the Fosado channel sensu stricto (see Mutti, 

1977, Mutti et al., 1988). However, even taking into account the sandy channelized-body 

which characterizes this unit, several differences have been recognized as for example (1) the 

the basal erosive surface is found 15 m below the previously considered, (2) in this unit 

deposits of hyperconcentrated flows (Gm) can still be observed and (3) the upper sand body 

found over the lower hyperconcentrated deposits is affected by syn-sedimentary faulting in 

the eastern flank of the channel. The Fosado Channel s.s. has provided data involved in 

depositional channel models with its associated channel-margin facies (see Mutti, 1977; Mutti 

and Normark, 1991; see also Benevelli, 2002). Over this individual channelized sand body and 

through a sharp contact, the upper muddy unit (C1b) is found, which is genetically associated 

with the previous units and conform the top of the studied succession. Further eastward, the 

Cs-1 sequence succession is almost absolutely made of mudstones and very few thin-bedded 

turbidites, related with very local and relatively sandy channels, never reaching important 

thicknesses (less than 1m-thick and 10m-wide). These channels start being more frequent 

towards the top until the slope succession passes transitionally into a prograding delta front 

A B 
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setting and becomes cut down by the Charo-1 submarine canyon incision (see text below) (see 

also Poyatos-Moré, 2009; Remacha et al., 2011; Boya, 2011). 

 

Figure 6-7. Figure showing the upper units of C1a (a4 and a5). Modified after Obradors-Latre (2012). 

 

6.1.1.4. Channel-fill evolution 

As shown in Figure 6-8, in an example of the Morillo Channel (Labourdette et al., 2008) each 

one of these high-frequency units implies an initial basinward shift of the facies belt, as 

indicated by the incision and formation of basal U-shaped erosive unconformities. Then, a 

subsequent landward shifting of the facies belt involves the first stages of channel-filling with 

abundance of hyperconcentrated flow deposits (Gm), followed by relatively-starved 

genetically-related sandy intervals with fine-grained overbank deposits (Msm). Alternating 

with that hyperconcentrated deposits, some conglomeratic lags (Gcs) and high-concentrated 

flow sandy deposits (Ss) can be found. In the case of Units a1, a2 and a3, the proposed model 

can be summarized in Figure 6-5. In the case of upper units, a4 and a5, the evolution can be 

consulted in the Fosado Channel Correlation panel in the Addendum. 

Finally, these units culminate with development of an extensive and non-channelized fine-

grained facies interval, both with overbank (Figure 6-6A) and depositional channel facies 
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(Figure 6-6B). These facies are thought to be indicative of underfeeding stages of the turbidite 

system or a progressive channel inactivity and abandonment. 

 

Figure 6-8. Evolutionary stages of the Morillo turbidite channel-fill (slightly younger than the Fosado 
Channel) showing the relationship of different channel-overbank facies (modified from Labourdette et 

al., 2008). 
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6.1.1.5. Facies Associations of the Fosado Channel 

According to Obradors-Latre (2012) and Obradors-Latre et al. (2013), facies can be set in three 

ideal facies associations, corresponding to channel axis, channel margin and overbank facies 

associations (Figure 6-9). In the lower part of each ideal case, real examples directly extracted 

from the measured sections are also shown, in order to compare real results with those 

expected from the model. Thanks to this, one can observe that, in the field, facies associations 

use to show absence of the basal elements, and more commonly also those of the top, 

probably due to subsequent erosion processes exerted by the overlying units.  

 

 

Figure 6-9. Synthetic sketch showing 3 facies associations recognized in Unit C1 corresponding to 
different elements within a channel-overbank complex and field examples of channel-axis (A), channel-

margin (B), and overbank-levee (C and D) facies associations (sketch after Mutti, 1977). 

A B 

C D 
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6.1.2. Units C2 and C3 (Atiart and Samper Units) 

In the lower part of Cs-1 sequence, just above the Atiart unconfomity and the Fosado Channel 

Complex (Unit C1), at least 2 units have been recognized (Units C2 and C3, see Figure 6-1), 

each one interpreted to record the deep-water expression of a relative sea-level cycle in a 

slope wedge (Davoli et al., 1991; Benevelli, 2002). Deposits forming these units have not been 

studied in a high detail (just logged in the Atiart section; see Benevelli, 2002) since their lateral 

expression to the east disappears after an onlap termination of strata over the Atiart 

unconformity between Samper and Lacort localities (Figure 6-1 see also Geologic Map in 

Addendum), thus being impossible to study their transition to the shelf domain, which 

nevertheless can be observed in the upper Cs-1 succession (Units C4 and C5, see text below).  

Previous works suggest that deep-water cycles in the Cs-1 started during lowstand periods of 

relative sea-level (Davoli et al., 1991), when unconformities formed, by subaerial exposure, in 

shelf and river mouth settings located to the east of the study area (Ésera-Santo Cristo). The 

lack of enough accommodation in these areas to store the sediment forced the shoreline to 

advance further, sometimes even reaching the shelf-edge. The expression of this basinward 

advance phase of feeding systems of Cs-1 sequence is recorded in deep-water settings by the 

formation of a submarine unconformity in the slope region or a correlative conformity in the 

basin floor (Remacha et al., 2011; see also Flint et al., 2011), that is recognized in the base of 

each high-frequency unit (Figure 6-10). Over these surfaces, a major increase of coarse-grained 

deposition is observed (MTD’s in Figure 6-10), although difficult to see due to a frequent 

muddy nature of chaotic deposits (Gm), resulting from instabilities and channelizing in the 

slope region due to a direct sediment supply from rivers across the shelf-edge and/or an 

oversteepening of the gradient enhanced by the local tectonic activity (see Facies Analysis). 

These processes triggered the formation or ignition of mass flows and sediment-laden gravity 

flows which feed the base-of-slope with very coarse mass transport deposits (Figure 6-11). 

A typical deep water sedimentation cycle observed in the study area ends with a landward 

shifting of the facies belt, which leads to a progressive deactivation and abandonment of 

sedimentation in the shelf edge and slope conduits (see Facies Analysis). During this 

transgressive phase, within each high-frequency cycle, enough accommodation space is 

created in the shelf and coastal plain to store the sediment and then sand and silt grain 

populations become trapped in proximal areas. This implies that turbidity currents during 

these stages are progressively more mud-dominated, and finally just the sediment carried in 

suspension plumes or hyperpycnal tails can reach and deposit in deep water settings by fallout 

processes (e.g., Posamentier and Kolla, 2003; Posamentier and Walker, 2006). 
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Figure 6-10. Synthetic section of Cs-1 and Cs-2 depositional sequences in the Atiart region (hanging wall 
of Atiart thrust) showing the relationship between the position of unconformities and mass transport 

deposits (MTD’s) of different units and their relationships with the activity of main thrusts. The orange 
square contains Units C2 and C3. Modified after Remacha et al, (2011).  
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Thus, the deep water expression of a high-frequency depositional sequence in the slope wedge 

of the lower Cs-1 (Units C2 to C3) contains a basal sandy wedge, with local abundance of 

coarse-grained material (Figure 6-11), which would correspond to the deposits of a relative 

sea-level lowstand; this sandy interval is overlain by a mud-dominated succession which is 

thought to represent the transgressive and highstand phases of each slope cycle.  

 

 

Figure 6-11. Example of large-scale submarine mass transport deposits in the lower part of Cs-1 
sequence (Unit C3) close to Samper locality [A] and Lanata river [B].  

However, some local entries of coarse-grained sands have been also observed towards the 

upper part of the lower cycles of Cs-1 sequence (Figure 6-12), which do not fit with this ideal 

fining-up model. This is in agreement with some studies pointing out that in tectonically active 

settings and relatively narrow shelves, sediment supply may be higher than expected in any 

relative sea-level stage (Porebski and Steel, 2006), in response to an increase of tectonic 

activity or sediment availability. These tectonically-influenced supplies of sediment may lead to 

controversy regarding the genesis of sequence boundaries (Davoli et al., 1991), although an 

A 

B 
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apparent record of (glacio-) eustatic cyclicity appears to be still recognized in volume and grain 

size distribution of these systems (Pickering and Bayliss, 2009; see also Catuneanu et al., 2009).                  

 

Figure 6-12. Field example of lower Cs-1 slope deposits (Unit C3) in an outcrop of N-260 road close to 
the Samper locality (see location in Geologic Map in Addendum). 
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6.2. The upper Cs-1 succession (Units C4 to C5) 

On top of Cs-1 sequence, deltaic prograding strata from Units C4 and C5 have been studied in a 

higher detail because they offer laterally continuous outcrops that allow to establish 

depositional relationships between all sedimentary environments involved in the Cs-1 deltaic 

deposition, from the easternmost section (Rolespe-Ésera) to the westernmost one 

(Tierrantona Road) (Figures 6-1 and 6-13). Sections have been correlated directly in the field in 

a high detail, often walking over the same surfaces along the entire field area, to correlate 

individual beds or m-scale packages. The results of this detailed correlation can be seen in the 

Correlation Panel in the Addendum and are synthesized in the Figure 6-13.  

 

Figure 6-13. Synthetic correlation panel showing the main lithostratigraphic provinces recognized in 
units C4 and C5 on top of Cs-1 sequence. 

As a result of field observations and specially the accurate descriptions of their sedimentary 

features, it has been possible to subdivide Units C4 and C5 in 4 and 5 informal 

lithostratigraphic units (Figure 6-13), respectively, each one of them with dominance of certain 

deposits, whose lateral and vertical relationships were summarized in the facies tract (see 

previous chapter). Lithostratigraphic units are named and sorted following a numerical code 

(C4a, C4b, C4c... etc.). Among these lithostratigraphic units, some repetitions or equivalences 

of deposits have been observed, so just one description will be provided in order to simplify 
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the content of this chapter, although equivalences will be indicated between Unit C4 and C5 in 

each case cosidered.  

6.2.1. Unit C4 (Fuendecampo Unit) 

To the east of the study area (eastwards of La Foradada), the lower boundary of this unit is 

manifested by a paraconformity, although its expression is clearly defined by a sudden facies 

change between shallow-marine sandstones of the underlying Castigaleu sequence and a fine-

grained interval which characterize the lower part of Unit C4 (Figure 6-14A). Besides, a 

hardground level can be observed locally covering this paraconformable surface. Due to its 

position and missing of the lowermost Cs-1 units (Units C1 to C3, clearly lost by onlap over the 

Atiart unconformity, see Figure 6-1 and Geologic Map in Addendum) eastwards of La Foradada 

fault, this lower boundary is thought to be the lateral equivalent of the Atiart unconformity in 

the Ésera region. Immediately to the west of La Foradada fault, the lower boundary of Unit C4 

becomes separated from the Atiart unconformity by Units C2 and C3 (Figures 6-1 and 6-14B, 

see also 6-10), and is more difficult to recognize, since it displays a contact with slope facies of 

the underlying Unit C3 with slump scars close to local thrusts and remobilized shelfal blocks 

evidencing a clear vicinity of the shelf-edge region by the presence of instability processes. 

 

Figure 6-14. [A] Contact between Unit C4 (Castissent) and the underlying Castigaleu sequence in the 
Santo Cristo section. [B] Transition from slope deposits of Units C2 and C3 (lower) to deltaic deposits of 

Unit C4 (upper) in the Lenera Pelada section (see location in Figure 6-13).  
 
 

To the east, the upper boundary of Unit C4 is manifested by an erosive surface and a sudden 

facies change with the overlying Unit C5 (Figure 6-13). Its prolongation to the west is more 

demanding since the boundary is associated with a differential intra-shelf movement in 

response to liquefaction and creeping processes affecting the sandstone lobes and muddy 

intervals (Figure 6-15). This implies that an important part of the upper shelf sediments that 

A B 
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would belong lithologically to Unit C4 must be now included in the lower succession of Unit C5 

once they become remobilized. Soft sediment deformation and its associated differential 

motion could have been produced associated with the first stages of incision and submarine 

erosion of the shelf-edge in response to thrusting activity, as the close position and activity of 

the Atiart and Samper thrusts suggests (Figure 6-1, see also Geologic Map in Addendum). Field 

evidences of this activity disappear in this area close to the boundary between Units C4 and 

C5. After a tectonically-triggered gradient increase in the shelf-edge, slope incisions became 

the motion surfaces through which hyperpycnal flows ignited, and liquefied platform 

sediments slumped, and thus sediments directly above these scours can be considered in turn 

as the first sediments infilling erosive surfaces or slope conduits (see slope facies in the 

previous chapter). Besides, the high-erosive behaviour of the shelf-edge will subsequently lead 

to the formation of the Charo-1 canyon, located on top of Unit C5 (see text below).  

 

 

    

Figure 6-15. [A] Contact between Units C4 and C5 in the Lenera Pelada section. [B] and [C]. Examples of 
large-scale creeping processes affecting upper C4 shelfal deposits in the same locality. See location in 

Figure 6-13.  

B C 

A 

UNIT C4 
(prodelta-offshore) 

UNIT C5 
(delta front) 

UNITS C5 AND C4 BOUNDARY 
(zone of intense deformation) 
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Figure 6-16. Synthetic correlation panel showing the lithostratigraphic units recognized in Unit C4. 

 

 

In Unit C4, 4 different lithostratigraphic domains have been defined and named C4a, C4b, C4c 

and C4d. Their distribution along the study area can be seen in Figure 6-16. 

 

6.2.1.1. Unit C4a (Mouth-bar to nearshore unit) 

Description 

It consists of an alternation of silty-shaly and sandy strata, with an equivalent proportion. It 

forms the bulk of sediments of Unit C4 to the east of the study area, and is therefore mostly 

present in the Rolespe-Ésera and Santo Cristo sections (Figure 6-16). The thickness of this unit 

is relatively constant, up to 80 m, and increases slightly to the west. The upper and lower 

boundaries are transitional to deposits of Unit C4b, which in this sector shows a limited 

thickness. Unit C4a wedges substantially westwards of La Foradada fault, showing a relative 

rapid transition to Unit C4b. Immediately below and above units C4b and C4a, in the east of 

the study area, mud-dominated units are found (Unit C4d and its equivalent in unit C5, see 

Figure 6-16), giving clear lithological boundaries of these sandy units in between two mud-

dominated packages.  
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Deposits 

Fine-grained intervals are mainly formed by clay and sandy siltstones, often ranging between 1 

and 3 m-thick, and up to 5 m-thick (Figure 6-17). They are often laterally continuous, with top 

and base surfaces adapting to geometries of sandy packages with which alternate, normally 

showing sharp contacts. They are found on top of elementary cycles with sand and silt, and do 

not show clear structures due to an intense bioturbation, although scarce Nummulites and 

abundant plant remains and carbonaceous levels can be locally recognized.  

 

 

Figure 6-17. Examples of mouth-bar deposit (C4a) in the Esera River section. 

 

Sand bodies often show coarse to medium-grained coarsening-up cycles, with thicknesses 

ranging between 1 and 8 m, and with erosive bases and slightly undulated and reworked tops 

(Figure 6-17). They are more or less tabular, laterally continuous, and especially present in the 

Rolespe-Ésera and Santo Cristo sections, disappearing by pinch-out or facies change to the 

west, beyond La Foradada fault (Figure 6-16). Beds may show current to combined-flow ripples 

(generally asymmetric) to the top, and planar to trough cross bedding to the base (R2 

deposits), probably due to dune migration. However, they use to undergo intense bioturbation 

to the base and vertical burrowing which occasionally can affect the entire bed. Very locally, 

beds show m-scale sigmoidal cross-bedding (R3 deposits), suggesting either erosion processes 

of dune-crests by combined-flow currents with an important oscillatory component, also 

indicated by the local presence of hummocky and swaley cross-beds (see Facies Analysis), or 

even a weak tidal influence. Other medium-grained sand beds can also display fining-up cycles, 

with erosive bases and undulated to irregular tops, in sharp contact with underlying and 

overlying clays and silts. These beds do not reach thicknesses over 1 m, and their excellent 
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lateral continuity allow to link them to sand bodies of Unit C4b (D1 deposits). Their internal 

structure often shows hummocky and swaley cross-stratification, occasionally covered by 

wave-ripples. However, they can also display upper plane bedding related with traction 

processes to the base. They commonly show chaotically distributed transported fauna, 

although being preferentially grouped to the base, and often present as "ghosts". Bases can 

appear bioturbated and occasionally with flute casts and horizontal burrows.                     

Two highly bioclastic coarse to very coarse-grained sands have also been observed, 7 and 3 m-

thick each, alternating with highly bioturbated clays and silts (Figure 6-17). Their lower contact 

is sharp, with a planar and erosive base, overlain by bioclasts and plant remains. The upper 

contact is more transitional, although passing rapidly to the upper clays and silts. The top of 

these beds is highly bioturbated, but they can occasionally show small-scale cross-lamination 

from wave ripples. They are very continuous laterally. Internally, these two beds are 

characterized by large-scale unidirectional tangential-oblique stratification, passing to 

sigmoidal stratification (R3 deposits). Each lamina shows a sigmoidal shape with bioclasts over 

their lower surfaces, and among those laminas cm-scale clay or silt levels can also appear, 

although sandy sigmoids are normally directly in contact. They do not show a clear cyclicity, 

although a slightly fining-up pattern could be considered.  

 

Interpretation 

Fine-grained intervals of Unit C4a could be difficult to interpret without grouping them in a 

general context of the whole unit. However, they may be situated in a general nearshore 

setting, depositing the finest grain populations in flood plains between the rest of deposits.  

Coarsening-up packages would be included as mouth-bar deposits, showing dune migration 

structures and a clear progradational pattern. Fining-up cycles, in turn, would record periods of 

intense river-discharge, with hyperpycnal flow sedimentation delivering sand beyond the river 

mouth, as the clear lateral relationship with delta front sand bodies of Unit C4b suggests. River 

floods and wave action would also lead to a renewed supply of sediment and a likely 

remobilization of previous proximal sediments during the flood-peak (see Facies Analysis). 

These sediments would then deposit in positive fining-up cycles, over which the finest particles 

lie recording the waning limb of the river flood.         

Sigmoidal beds can form as a result of the interaction between combined flows (Tinterri, 

2003b, see Facies Analysis), although a tidal influence on their formation may not be 

discarded, suggesting a mixed flat setting. They could be then considered as mostly river-

dominated mouth bars, which can be deduced from their lateral accretion in dip section, giving 

their tangential-oblique cross-stratification. They would have developed in tidal-influenced 
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flood-dominated distributary channels with dominance of flood against ebb currents. These 

facies are somehow similar to those described by Fonnesu (1984), Mutti et al., (1985) and 

Zamorano (1996) for the Ametlla Delta deposits, in the Àger Basin. 

 

 

6.2.1.2. Unit C4b (Shoreface-Offshore transition unit) 

Description 

This interval is mostly an alternation of mud-dominated intervals and fine-grained sandy 

packages in a practically equivalent proportion. Its lateral extension is reduced and mostly 

restricted to the surroundings of La Foradada fault, appearing predominantly just in sections 3 

and 4 (La Foradada and San Quilez sections, Figure 6-16). Its thickness is up to 115 m in the 

thickest part (Foradada), and wedges out laterally. Its upper and lower boundaries are 

lithologically transitional, passing in both cases to finer deposits. It is mainly constituted by 

medium to fine-grained clayish sandstones, with a massive aspect (D1 deposits, see previous 

chapter), intercalating with dark and bioturbated finer levels. This unit is in contact with C4a, 

C4c and C4d of Unit C4 and the lower deposits of Unit C5. The latter relationship implies a 

relatively sharp contact, forming the boundary between Units C4 and C5. To the east it passes 

laterally and transitionally to unit C4a, and to the west to unit C4c (Figure 6-16). 

 

 

 
Figure 6-18. Example of SOT deposit (C4b) in the Santo Cristo section. 
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Deposits 

Facies are massive highly bioturbated mudstones (Mm) with some parallel-laminated beds 

(Msm) alternating with laterally continuous medium to fine-grained sandstones to clayish 

sandstones (from 1 to 500 cm-thick, Figure 6-18), with erosive bases and undulated tops. 

These sandstones may present parallel to low-angle planar cross-bedding to the base (D2 

deposits), and low-scale trough cross-lamination with different types of hummocky-cross 

stratification on top (D2 and D3 deposits, see previous chapter). Structures can pass laterally 

from planar cross-bedding (Figure 6-19A) to trough or hummocky cross-bedding (Figure 6-

19B). Bed sets generally stack forming fining-up cycles, with slight grain-size variations from 

medium to fine sand to the base and even from fine to very fine sand to the top (Figure 6-18).  

 

     

Figure 6-19. Field examples of deltaic deposits of Unit C4b in Lenera Pelada [A] and San Quilez [B]. 

 

Interpretation 

Facies forming this unit can be attributed to the shoreface-offshore transition area (SOT). They 

would record the transitional pass, from east to west, to more open-sea or offshore facies 

through a transitional delta front zone, contained within the fair-weather base level and the 

storm-weather base level (FWB and SWB). Overall, they are predominantly fine sediments, 

corresponding to fair-weather periods and fallout of fine sediments after river flood events.  

Flood events would be responsible for deposition of the sandy packages through hyperpycnal 

flows, as the geometry of beds suggests (see hyperpycnites description in the previous 

chapter). These facies, in turn, would also be affected by wave action, whether wind-induced 

or storm-reflux currents, which would overprint oscillatory components to the dominant river-

induced flows in high-energy settings, leading to the formation of a high spectrum of 

combined-flow structures (see combined-flow descriptions in the previous chapter). Thus, the 

relationship between flood-dominated sandy packages and mud-dominated sediments would 

result in fining- and thinning-up cycles corresponding to flood-periods in which sand packages 

A B 
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are deposited during the flood peak and finer-grained sediments record its progressive 

diminution and fallout of the suspension cloud during fair-weather conditions. 

 

 

6.2.1.3. Unit C4c (Offshore-Prodelta unit) 

Description 

It mainly consists in an interval of light grey sandy marls and highly clayish sandstones, with 

predominance of the latter. The thickness of this unit is highly variable from E to W, 

diminishing from up to 100 m to practically disappear in the Tierrantona Road section (Figure 

6-16). It extends along the western part of the study area, and particularly to the west of La 

Foradada fault. Its lower boundary is lithologically transitional to Unit C4d, and its upper 

boundary corresponds to the contact between Units C4 and C5 and therefore implies a sharp 

lithological change with lower sediments of Unit C5. Laterally, to the east, this unit passes 

transitionally to Unit C4b (Figure 6-16).    

 

Deposits 

Light grey mud-dominated intervals are found between sandy beds, with a transitional contact 

to the base and a sharp contact to the top. Their lateral continuity is relatively high, km-scale 

(see Figure 6-16), and passing from east to west to a more clayish composition, probably due 

to an intense weathering. Bioturbation can also homogenise their bases, although some traces 

of parallel lamination can often be recognized, given by horizontal arrangements of 

Nummulites accumulations. Burrow trace fossils can be found with no preferential orientation.  

Clayish sand beds, in turn, are very continuous laterally, with thicknesses never higher than 2 

m (Figure 6-20). They extend from east to west along several km, being easy to follow due to 

their extraordinary tabular geometries. Erosive bases may also be present, slightly irregular 

and in a sharp contact with underlying fines. Top of sand beds is planar, highly bioturbated and 

in transitional contact with the overlying clays, sometimes displaying an overall fining-up 

association (P2 deposits). Pervasive bioturbation and carbonate content often does not allow 

distinguishing internal structures (O1 and O2 deposits), even though some basal combined-

flow cross-laminations can be intuited in some beds (P1 deposits), with abundance of 

Nummulites accumulations displayed chaotically. These clayish sands pass laterally and 

upstream to sandy facies of Unit C4b, and they wedge out downslope to the west as well as 

they undergo liquefaction and remobilization processes, which link them to the upper slope 

deposits of Unit C4a (see below and previous chapter).  
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Figure 6-20. Examples of offshore-prodelta deposits (C4c) in the San Quilez and Tozalatas sections. 

Sand beds can also stack to form massive coarsening-up packages, reaching thicknesses up to 6 

m, and very continuous laterally. In these cases plane or irregular tops are found in a sharp 

contact with the overlying fines, and the base is often transitional so it becomes difficult to 

point out in the field. Nummulites and burrows are displayed randomly, and internal parallel to 

low-scale cross beds can just be recognized to the eastern of the area, disappearing by 

bioturbation effects over the same deposits towards the west. 

 

Interpretation 

Deposits of Unit C4c are attributed to shelf offshore-prodelta deposits, close to the boundary 

with the lower offshore. Dominance of fines along this unit is thought to record deposition in a 

relatively deep environment, far out from the shoreline and during fair-weather periods.  

In these settings, sediments would be occasionally beyond the scope of winnowing processes 

related with storm-weather conditions, allowing low-energy sedimentation by fallout, and 

profusion of biotic activity that would explain the pervasive bioturbation and high carbonate 

content (O1 and O2 deposits). During storm or river-flood periods, the level of wave-influence 

deepens significantly, also affecting offshore positions (P1 and P2 deposits) and remobilizing 

the sediments, which become included to the main flow and supply distal shelf positions, 

giving fining upward packages that correlate upstream with sand beds of Unit C4b.  

During high river-activity periods, the deltaic system advances progressively basinward, giving 

coarsening-up packages (see Facies Analaysis). River floods supply sediments to outer shelf 

deposits via hyperpycnal flows, where they alternate with carbonate-rich facies and storm-

remobilized beds. 
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6.2.1.4. Unit C4d (Upper slope unit) 

Description 

This is a mud-dominated interval lithologically equivalent to the lowermost levels that overlie 

paraconformably the Castigaleu sequence eastwards of La Foradada fault (Units C2 and C3, see 

above). The interval is present along the entire study area, increasing its thickness from east to 

west, from few meters in the Ésera section to tens of meters in the Lenera Pelada section (see 

Figure 6-16 and Correlation Panel in Addendum). The lower contact of this unit, coinciding 

with the lower boundary of Unit C4, can be seen locally as a surface fossilizing previous listric 

faults or scar slumps of the lower Unit C3 (see text above). The upper contact is transitional to 

unit C4b, and generally sharp with units C4c and C4a, if not even erosive (Figure 6-16).  

    

Deposits 

This unit includes some mud-rich intervals, with marls (Mm facies) and alternations of marls 

and graded thin-bedded silstones to mudstones (Msm facies). Within these silty units it is 

possible to observe lower plane bed laminations, recording deposition of the finest grain 

populations from fallout processes, although local starved ripples are also found. However, in 

most of cases, very fine-grained deposits are found included in slump/slide deposits (S0 

deposits, see previous chapter).  

 

     

Figure 6-21. Field examples of slope deposits in Unit C4d in Lanata River [A] and Tierrantona Road [B]. 

Alternating with these mud-dominated intervals, medium-bedded layers (up to 30 cm-thick) of 

sandstone can be found (Figures 6-21 and 6-22), with grain sizes never exceeding fine-grained 

particles. These beds often show internal differences within the beds (S2 deposits, see 

previous chapter). Some other beds sometimes just display Bouma sequence subdivisions (S1 

deposits), although those equivalents with Ta are sometimes difficult to see, suggesting 

deposition from relatively-diluted turbidity currents. Besides, two different boundaries and 

geometries of these deposits have been observed: 

A B 
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Figure 6-22. Examples of upper slope deposits (C4d) in Lenera Pelada and Campo Ciego sections. 

 

 Forming clear channelized-bodies, with profusion of erosive scours, sometimes filled with 

fine-grained material, giving "mud-draped scours", and alternating with chaotic beds. 

These sandy channel fills never exceed 10 m-deep to 100 m-wide. However, a lateral 

relationship of these sandy deposits with the previously mentioned mud-dominated 

intervals can be observed, suggesting upper slope channel-overbank facies associations 

(Figure 6-21A). 

 Some of these sandy deposits can be also found displaying low gradient tabular to 

lobulated shapes, draping or located on top of scar slump surfaces, with no channelized 

geometries but fossilizing the common listric shape of these sediment failures (Figure 6-

21B). 

Vertically, when observable, slope sandy facies of Unit C4d pass transitionally to mud-

dominated intervals, forming fining-up cycles (Figure 6-22). However, mud-dominated facies 

can also be found independently at the base of slope conduits (see slope facies description). It 

has been difficult to find other field evidences apart from their lateral facies changes (Figure 6-

23) and geometries to demonstrate that some scar slumps acted as either conduits or bypass 

surfaces for sediment to overpass the upper slope. Evidences include residual or lag deposits 

overlying these surfaces, and a relatively-high presence of overbank deposits. Anyway, the 

most frequent case is to find these facies almost totally slumped and included in mass-flow 

deposits associated to these slumps (S0 deposits).  
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Intrepretation 

Facies of Unit C4d are normally fine-grained and are interpreted to be related with slope 

channel-levee complexes (see slope facies description for more details), with the upper mud-

dominated intervals recording channel abandonment and overbank deposits, and the sandy 

packages being gully-fill successions associated with slumped margins and levees. These facies 

would fit in the Type III turbidite facies, related with channel-levee or overbank wedges (Mutti, 

1985, Mutti and Normark, 1987). 

 

 

6.2.2. Unit C5 (Pocino Unit) 

Extending along the entire field area, from east to west, Unit C5 shows an apparent wedge 

shape increasing its thickness towards the eastern sector (Figure 6-24). However, in its central 

part it is also affected by La Foradada fault (see Figure 6-24 and Correlation Panel in 

Addendum), and the western and upper parts of the unit are suddenly incised by an erosive 

submarine surface: the base of the Charo-1 canyon or the Intra-Castissent unconformity (Boya, 

2011, Remacha et al., 2011), overlain by sediments corresponding to the upper Cs-2 sequence. 

The lower boundary of this unit, which separates Units C4 and C5, is not going to be described 

here, since it has been already mentioned in the description of the previous unit (see text 

above). The upper boundary represents the contact between Cs-1 and Cs-2 sequences, and its 

large scale and problematic implications are going to be described since it was one of the 

objectives of this study, particularly due to the controversy generated concerning its origin 

(see text below and Discussion) 

In the surroundings of the Lascorz locality (central sector of the study area, see Geologic Map 

in Addendum), part of the deltaic materials that would lithologically belong to the upper part 

of Cs-1 sequence (upper Unit C5) are missing, so mud-rich sediments corresponding to the 

lower Cs-2 sequence lay directly above sediments of the Cs-1 sequence (lower Unit C5, see 

Figure 6-24). These fine-grained sediments of Cs-2 sequence display a large-scale onlap 

termination to the east (Figure 6-1).  
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Figure 6-24. Synthetic correlation panel showing the lithostratigraphic units recognized in Unit C5. 

To the west, the absent upper Cs-1 sequence deposits are found now included in the base of 

Cs-2 (Unit C6, see text below). They appear as remobilized sediments by a large-scale 

translation or creeping process affecting the upper part of the previous Cs-1 shelf from the 

west of la Foradada fault. This large-scale failure would have the detachment level in the thin-

bedded turbidites equivalent to the Charo-1 canyon-fill, so the motion surface therefore 

coincides with the mapped surface incision of the submarine canyon (Figure 6-25). An 

important part of this large-scale mass movement was probably damped in the frontal zone of 

this "mega-slump", situated in the geographic area of Los Comunes, coinciding with the 

location of the hinge of a ramp anticline (see Geologic Map in Addendum), formed as a 

response of the Samper out-of-syncline thrust activity (see text below, and Geological Seeting 

and Previous Works). 

Immediately westwards of Los Comunes zone, Charo-1 canyon turbidites in the base of Cs-2 

sequence are found in contact with the lower Cs-1 slope turbidites, giving a magnitude of the 

incision, which cuts down all upper units of Cs-1 (Units C4 and C5; Figure 6-25). Transitionally 

and vertically, sediments affected by this large-scale mass movement pass to undeformed 

facies that progressively restore a horizontal and tabular profile, and belong to the Cs-2 

sequence succession (see text below). As already mentioned, to the eastern part of the study 

area (Lascorz), the upper boundary of Unit C5 is highlighted by a clear onlap termination of 
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lower Cs-2 sequence deposits directly above the unconformity, which is visible at mapping 

scale (see Figure 6-1 and Geologic Map in Addendum). The upper boundary of Cs-1 sequence 

would be therefore situated in the basal surface of the upper shelf sediments, and particularly 

in the same motion plane of the remobilized sediments which correlates with the basal Charo-

1 canyon surface (Figure 6-25). 

 
 

As in the case of Unit C4, different lithostratigraphic units have been identified in Unit C5. 

However, many of these units are in some cases very similar to those of the previous 

sequence. Similarities will then be pointed out in those equivalent units and just those major 

differences will be largely described for the sake of brevity.  

6.2.2.1. Unit C5a (Fluvial unit) 

Description 

This unit is mainly consisting in coarse-grained sand bodies, with a distinctive whitish colour, 

separated in 4 different packages whose lateral expression, from east to west, extends 

between the Ésera River and La Foradada fault (Figure 6-24). Their thickness is variable, 

ranging from 12 to 60 m. These deposits are found alternating with those of Unit C5b (see 

below), which is found between each sand package of Unit C5a (see Figure 6-24). Laterally 

towards the east, these coarse sand bodies wedge and pass laterally to Unit C5b, so they 

disappear between the Santo Cristo and La Foradada sections. The upper and lower 

boundaries of this unit are transitional, although often display sudden lateral facies changes, as 

Figure 6-25. Synthetic 3D scheme showing the large-
scale creeping process affecting the intra-Castissent 
boundary (contact between C5 and C6 Units). 
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will be described below. To the east, these sand bodies become progressively thicker, forming 

the bulk of Unit C5 succession in the surroundings of the Ésera River section (Figure 6-24). 

 

Deposits 

They mainly consist in quartz-feldspar sands, with grain sizes ranging from coarse sand to 

micro-conglomerate, stacked in overall fining-up cycles (R1 deposits). Their thickness is highly 

variable, with an average of 8 m (Figure 6-26). Boundaries are normally sharp with mud-

dominated intervals below, but transitional with those clays above. They pinch out very rapidly 

forming lenticular or channelized bodies, reaching up to some hundreds of meters of lateral 

extension. The base of these channelized bodies is irregular and erosive, filled by lag deposits 

with profusion of mud clasts with sizes around 5 cm, and pebbly sands. They occasionally can 

show rough trough cross-bedding planes in their internal structure. Trough cross-bedding 

normally evolves vertically to planar cross-bedding, and finally to small-scale cross-laminations 

(ripples) on top of the beds. Sometimes this small to medium-scale trough or planar cross-

bedding can be seen throughout the entire bed, with very low-angle lee faces.  

 

 

Figure 6-26. Example of C5a deposit in the Esera River section. 

 

Alternating with these coarse sand packages, mud-dominated intervals can also be observed, 

mainly consisting in greyish brown clayish to silty levels, with thicknesses from scarce cm up to 

2 m. Their contact is often sharp to the top and can be transitional in the base. They are 

laterally not very continuous, reaching several tens of meters, and internally homogeneous, 

without apparent internal structures, unless for some carbonaceous and organic remains 

displayed in parallel laminas. Finally, poorly-sorted coarse-grained sand beds are also 
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recognized in this unit, with a general fining-up stacking. These beds are not very continuous 

to the east (where they pinch out), and are conversely highly continuous to the west, where 

they pass to Unit C5b, with mainly tabular and parallel morphologies. They have a sharp basal 

contact with erosive and irregular bases, mainly filled by coarse-grained bioclastic material. 

Sometimes mud clasts and an internal structure can be recognized, consisting in small to 

medium-scale planar cross-bedding, as well as bioturbation and burrowing. Top surface is also 

sharp, passing to mud-dominated facies, and can be planar to undulate with medium to fine-

grained sands and presence of wave ripples, with some cases of small-scale cross bedding 

generated by combined flows (HCS, see Facies Analysis).      

 

   

Figure 6-27. Examples of fluvial deposits of Unit C5a in the [A] Santo Cristo section and [B] Collada 
Fornosa. Note that exposures are often not good enough to distinguish bed geometries. 

 

Interpretation 

Coarse-grained sand packages are generally considered here to be distributary channel-fill 

deposits of a river-dominated and wave-influenced domain (see Facies Analysis). However, 

occasional presence of unsorted coarse-grained facies together and their lateral connexion to 

Unit C5b, clearly marine, suggest that distributary channels of this deltaic system were strong 

enough, during floods, to overcome river mouth settings and deliver sand directly onto the 

shelf via hyperpycnal flows. Nevertheless, most of these sand bodies must be included in a 

subaerial environment, as the occasional presence of root bioturbation in the interbedded 

fines suggests. On the other hand, as a complementary interpretation, some of sand bodies 

could also be considered as proximal sand bar deposits, with identical facies of those present 

in fluvial channels, with the particularity that proximal mouth-bars show well defined 

avalanche faces, over which lower order structures migrate (dunes and ripples). The lack of 

outcrops with a good lateral continuity and strike sections (Figure 6-27), does not always allow 

a good differentiation between channel (R1 deposits) and proximal bar deposits (R2 deposits). 

However, in some examples, morphologies of avalanche faces have been observed, with 

A B 
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migration of straight-crested and sinuous-crested dunes above, giving planar to trough-cross 

bedding structures, respectively, suggesting bar migration (R2). On the other hand, fining-up 

cycles have been identified with basal trough cross-beds with lag deposits in the base passing 

to tabular cross-bedded sands, with divergent paleocurrents. In this latter case, deposits may 

be interpreted as a complex superposition of channel-fill deposits (R1). The diversion of 

paleocurrents (although mostly towards the west) in different beds, as well as the lateral 

equivalence, in the same vertical position, of fluvial channels and coarse sand bars, suggest a 

braided-type fluvial setting. Mud-dominated levels are usually found on top of a fining-up cycle 

starting with a coarse sand body as described above. Upper fines would record deposition of 

the finest particles in the last channel-fill episodes when velocity of flows tends to zero and 

channel becomes almost abandoned. They could also correspond to flood plain and overbank 

deposits in relatively marginal zones respect of the main active channel. Finally, poorly-sorted 

facies are clearly associated with the nearshore transition to marine environments. They 

would generate in flood periods and reworked during storms, in which more proximal river 

mouth sediments would be remobilized and re-deposited. These facies can also represent the 

whole distal fluvial setting during small fluctuations of the relative sea-level in storm-weather 

events. Their lateral relationship with flood-event beds of Unit C5b (mouth-bar deposits), 

correlates with their location in the continental to shallow-marine transition.  

 

6.2.2.2. Unit C5b (Mouth-bar unit) 

Description 

It consists in an alternation of fine to medium-grained sand bodies and clays, in a similar 

proportion. The lateral extension of this unit is relatively high, from east to west, covering an 

area from the Rolespe-Esera to the Lenera Pelada sections, where they pass transitionally to 

Unit C5c. Vertically, this unit becomes the bulk of Unit C5 succession in the intermediate part 

of sections measured in the surroundings of La Foradada fault (Santo Cristo, La Foradada and 

San Quilez-Lascorz sections, Figure 6-24). Its lower boundary is lithologically transitional to 

Unit C5e, and the upper boundary coincides with the large-scale boundary between Cs-1 and 

Cs-2, thus implying a relatively sudden facies change between Units C5a and C5b and the 

overlying sediments of the lower Cs-2 sequence (Unit C6, see text below). Stratigraphically and 

lithologically, this unit is practically the same of Unit C4a, although in this case there is a higher 

variability and a wider spectrum of deposits that will be described below. For this reason, 

coincident units are not going to be redefined but their equivalences will be indicated. In other 



Chapter 6  Stratigraphy 

170 

 

words, Unit C5b is formed by the same deposits as those described for Unit C4a together with 

some other. 

 

Deposits 

Aside from the equivalent deposits already described for Unit C4a (R1 and R2 deposits), 

another type of beds have also been recognized, less abundant, formed by tabular fine to 

coarse-grained sandstones (D1 deposits), with thicknesses from cm-scale up to 7 m-thick 

(Figure 6-28), and a km-scale lateral continuity (see Correlation Panel in Addendum). They 

wedge to the east and pass to silts and clay, and to the west are laterally related with sand 

bodies of Unit C5c. Their contacts are sharp both in top and base, passing to clay and silt that 

alternate with them. Bases can be irregular, erosive and bioturbated, and tops are often 

planar. In their base soft clasts can be observed, within a chaotic and structureless coarse to 

medium-sand. The rest of the bed is generally well-sorted with a fining-up pattern, and the 

internal structure often shows planar and/or trough cross-stratification, very occasionally with 

low-angle HCS. They show profusion of Nummulites, which can be arranged following laminas 

and imbricated. Lamination can disappear towards the top, probably due to an intense 

bioturbation. Sometimes, on top of these deposits, a ferric and condensed level can be found, 

with HCS and profusion of bioclasts, displayed on top of fining-up packages.       

 

 
 

Figure 6-28. Examples of C5b deposits in the San Quilez and Ésera river sections. 
 

Micritic carbonate thin-beds, with a whitish colour, have been also recognized, with 

thicknesses reaching up to 10 cm, and lenticular geometries. They are laterally not very 
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continuous (some metres), pinching out gradually to the east and west. They are displayed 

exclusively in some intervals of the Rolespe-Ésera and Santo Cristo sections, with a 

homogeneous and compact aspect and without any apparent internal structure.    

Other strata observed are bioclastic marly sandstones, with a massive and condensed shape, in 

layers that are up to 20 cm-thick (O1 deposits), which nevertheless exhibit a good lateral 

continuity, and relationship with Unit C5c. They do not have any apparent internal structure 

due to the high bioturbation that undergo, which leads to their homogenization. They are 

displayed in parallel beds with sharp contacts with surrounding clays and silts. They are 

distributed, from east to west, from the Rolespe-Ésera section until their contact with Unit 

C5c, where they acquire a higher thickness.    

 

   

Figure 6-29. Examples of mouth-bar deposits of Unit C5b in Lascorz locality. 

 

Interpretation 

Regardless of the interpretation of mouth-bar deposits already described for Unit C4a (Figure 

6-29), some of tabular beds could be attributed to relatively protected shallow-marine 

environments, as for example estuarine settings. However, due to their lateral relationship 

with some deposits of Unit C5a (see Correlation Panel in Addendum) they must be included in 

the transition from mouth bars to delta front sandstone lobes. Genesis of condensed sections 

on top of these sand bodies would be related with reworking processes during storm events or 

during eventual moments of rising of relative sea-level, which would originate a fine 

condensed section representing the culmination of this relative rise. Punctuated rises would 

imply a sudden invasion of sediment in relative restricted areas of the proximal delta front, 

leading to the formation of layers described above. Their lateral connection, to the east, with 

some fluvial channels of Unit C5a, could indicate that they are estuarine shoals or sandbanks, 

although not enough evidences have been found to support this hypothesis.  
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Carbonate-rich beds are attributed to relative calm periods without clastic sediment supply 

from rivers or waves in which, over the delta plain, small brackish water pools remain, in which 

fallout and deposition of carbonate-rich muddy sediment can happen (see Facies Analysis). 

Highly-bioturbated marly sandstones are attributed to relative rapid rises of relative sea-level, 

in which they become truly condensed sections found on top of many layers. 

 

6.2.2.3. Unit C5c (Delta front unit) 

Description 

This unit is mainly situated in the central sector of the study area, being present in 

stratigraphic logs from the Foradada to the Tierrantona Road sections (see Correlation Panel in 

Addendum), although the higher thickness, reaching 140 m, is found between San Quilez-

Lascorz and Lenera Pelada sections, from where it starts to thin out passing to deposits of Unit 

C5d (Figure 6-24). Its lower boundary corresponds to the contact with Unit C5e, and is 

recognized by a sudden facies change that can be traced in map by the presence of a laminar 

mud-dominated level. The upper contact corresponds, in turn, to the boundary between Cs-1 

and Cs-2 sequences. Towards the medium western part of the study area, this contact appears 

to be almost impossible to trace in the map, in absence of deformation structures, since is 

corresponds to a facies contact between almost the same type of facies (see Unit C6 below). 

To the east of the zone, on the contrary, the contact is clearly manifested by the facies change 

into more mud-dominated facies of the overlying Cs-2 sequence. Laterally to the east and west 

of the central sector, Unit C5c wedges out, passing to Unit C5b to the east and to Unit C5d to 

the west (Figure 6-24). 

 

   

Figure 6-30. Examples of Units C5c deposits in the Campo Ciego and Lenera Pelada sections. 
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Deposits 

This unit is mainly consisting in an interval of fine-grained sandstones, in parallel-bedding 

layers that show a good lateral expression in map view, alternating with clayish and marly 

packages, in a practical equivalent proportion (Figures 6-30 and 6-31). Deposits of this unit are 

practically identical with those described for Unit C4b, from which are found in a relative 

further basinward position, to the west, evidencing the marked progradational pattern of 

deltaic units in the upper Cs-1 sequence (Figure 6-13). For this reason it has been decided to 

simplify and avoid repetitions in the descriptions, establishing a total equivalence between 

deposits of Unit C4b and Unit C5c, with massive highly bioturbated muds with some parallel-

laminated beds alternating with laterally continous fine-grained sandstones to clayish 

sandstones (see explanation of Unit C4b above).    

 

 

      

 
Figure 6-31. Examples of delta front deposits of Unit C5c in [A] Tierrantona road, [B] Los Comunes and 

[C] Cerolleto sections. 
 

 

 

 

B C 

A 
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6.2.2.4. Unit C5d (Offshore-Prodelta unit) 

Description 

This is a predominantly sandy-marly unit, with an alternation of marly sandstones and marls, 

grouped in pairs forming elementary coarsening-up cycles that build a laminar mapping unit. 

Its thickness is not highly variable, with a maximum of approximately 70 m in the westernmost 

part of the study area (Figure 6-24). Its upper and lower boundaries display a transitional 

lithological change with Unit C5c. This unit is present in the lower and middle parts of Campo 

Ciego and Los Comunes sections and the middle part of Cerolleto and Tozalatas sections (see 

Figure 6-24 and Correlation Panel in Addendum). The contacts defining the unit are therefore 

somehow difficult to point out precisely due to their transitional character. Laterally, to the 

east, this unit pinches out passing transitionally to Unit C5c, and to the west to Unit C5e with a 

more sudden facies change. As well as the previous C5c unit, it is possible to establish an 

equivalence relationship between Unit C5d and Unit C4c, due to their lithological and facies 

coincidences. 

 

Deposits 

Due to their similarities, the interpretation and facies description of Unit C4c must be 

considered as the same for Unit C5d, with light grey sandy marls and highly clayish sandstones 

(Figure 6-32), which are attributed to offshore sedimentary environments, close to the 

boundary with the lower offshore and the transition to canyon-fill turbidite facies.  

 

   

Figure 6-32. Examples of offshore-prodelta deposits of Unit C5d in (A) Cerolleto and (B) Tozalatas 
sections. 

 

 

A B 
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6.2.2.5. Unit C5e (Upper slope unit) 

Description 

It consists in a predominantly marly package which becomes progressively thicker to the west 

of the study area (Figure 6-24). It is represented in the lower part of Unit C5 in all stratigraphic 

sections, acquiring a significant increase of its thickness in the western sections, passing 

suddenly from an average thickness of 25 m to a 100 m-thick succession in the Tierrantona 

Road section (Figure 6-24). It is mainly constituted by marls, with more or less chaotic 

intervals, although some cm-scale marly sandstones can also be observed (Figure 6-33). In the 

same way as the last mentioned unit, Unit C5e can be equally considered equivalent with Unit 

C4d, with the exception that less channelized canyon-fill deposits than those observed in Unit 

C4d have been found in Unit C5e (probably because they are located further basinward, to the 

west, as the progradation of the system would suggest). Nevertheless, this unit, as well as Unit 

C4d, is laterally incised by canyon-fill deposits of Charo-1 canyon (Castissent-2 sequence, see 

text below).  

 

 

Figure 6-33. Example of C5d and C5e deposits in Los Comunes and Tierrantona Road sections. 

 

Deposits 

An equivalence of deposits between Units C4d and C5e can be established, except for the 

more profusion of canyon-fill facies in Unit C4d, and another type of localized deposits that 

have been found in Unit C5e. These deposits consist in fine-grained calcarenites, with 

thicknesses between several cm and up to 1,5 m, with lenticular geometries with limited 

lateral extension, up to 5 m-wide. They are restricted to the middle-upper part of Tierrantona 
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Road section (see Correlation Panel in Addendum). Their base is extremely concave-upward 

and erosive, in a sharp contact with marls that form the bulk of this succession, or being 

amalgamated with different sand bodies (Figure 6-34). Their tops are irregular to undulate. 

Internally, they occasionally show trough cross-bedding and low to middle-angle planar cross-

bedding, with a high content of imbricated Nummulites. To the top they often show current to 

climbing ripples, and to the base loading structures and westward-directed paleocurrents can 

be recognized. They apparently offer strike sections to the main flow, so their dip-section 

extension has not been assessed. 

 

Interpretation 

Facies described above are thought to be recording channel-fill successions of relative shallow 

gullies or slope conduits contained within the main canyon and its walls. These channels would 

be active especially in periods of low relative sea-level, so hyperpycnal flows and slump-

triggered sediments could have bypassed the upper slope regions and deliver sand onto the 

base-of-slope systems through these conduits (see slope facies description in Facies Analysis). 

The infill of these channels would occur later, during a subsequent relative sea-level rise that 

culminates the backfilling process of a turbidite system (see description of the lower C2 and C3 

units above). 

 

    

Figure 6-34. Field examples of upper slope deposits of Unit C5e in the Tierrantona Road sections. 

 

6.3. The Cs-2 succession (Units C6 to C9) 

As mentioned above, the upper succession of the study area, corresponding to Cs-2 sequence 

strata has not been studied in the same detail as the previous Cs-1 sequence, although a 

general description of its materials and units will be provided, in order to offer a better 

sequence stratigraphic framework and the location for the Intra-Castissent boundary. 
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According to Boya (2011) and Remacha et al., (2011), and after the description of 

characteristics of the lower Cs-2 sequence boundary (Intra-Castissent boundary or Charo-1 

submarine canyon unconformity) offered in previous sections (see above and Geological 

Setting and Previous Works), the Cs-2 sequence succession would include, from base to top: 

the basal surface of Charo-1 canyon, the bulk of all deposits involved in the mega-slump of Los 

Comunes (although lithologically belonging to the upper Cs-1 sequence) (Unit C6; Figure 6-25), 

an upper alternation between highly bioclastic sandstones and mudstones (Perarrúa Fm; Units 

C6 and C7), and finally offshore sediments alternating with the first alluvial conglomerates of 

the Santa Liestra fan delta (Lower Campanué Fm; Unit C9) (Figure 6-35). 

 

 

Figure 6-35. Panoramic view of the Castissent-2 sequence succession in the north of La Fueva Valley. 
 
 

The upper boundary of Cs-2 has not been studied in detail, although field evidences suggest 

that it must be placed immediately above the last shelf strata of the Lascorz section (see Figure 

6-1 and Cs-2 correlation Panel in Addendum), after which a large-scale submarine incision 

takes place in the Lascorz/Charo-2 canyon (Mutti et al., 1988; Barnolas et al., 1991; see below). 

The apparently monotonous fine-grained succession infilling this incision is laterally equivalent 

with the Santa Liestra conglomerates (Crumeyrolle, 1987), implying a major lithological change 

that supports the emplacement of a sequence boundary there.      

 

 

6.3.1. Unit C6 (Mediara Unit) 

Description 

In the basal contact with the Cs-1 sequence, a series of highly bioclastic and fine-grained 

sandstones are found, with a relative variability in thickness ranging from 30 cm up to 6 m-

thick. As also happens with the upper deposits of Unit C5 (see above), these sand beds laterally 

disappear towards the east, close to the surroundings of La Foradada fault (see Figure 6-1), 

where they become suddenly replaced by a mud-dominated interval (San Quilez section). The 
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absence of these materials is interpreted to be due to a dislocation of these shelf beds in the 

already mentioned large-scale creeping process affecting the uppermost Cs-1 deposits (top of 

Unit C5) and the overlying fine-grained intervals, now all included in the lower Cs-2 (Unit C6) 

(Figure 6-25 and 6-36). 

 

 

    

Figure 6-36. Satellite image of Los Comunes area showing the extension and location of remobilized 
shelf sediments of Unit C6, and field images of its angular relationships and internal deformation.  

 

The basal surface of these beds is highly irregular, often showing water escapement structures 

and/or amalgamation surfaces, indicating a very rapid deposition, or a differential motion of 

the underlying fine-grained material, either coeval or shortly after deposition (Figure 6-36). It is 

therefore common to recognize different examples of soft-sediment deformation, as indicated 
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by profusion of cm to m-scale ball-and-pillow structures (see deformation in Facies Analysis). 

Bed tops are also predominantly irregular, structureless and occasionally rounded, affected by 

the lower deformation structures. It is therefore considered that the undulated and rounded 

morphology of these beds would be the result of adapting the undergone translation.    

Laterally, towards the W, close to Los Comunes area (see location in Geologic Map) the group 

of layers corresponding to this unit appears somehow grouped in a sort of compressive slump 

front (Figure 6-36), which is shown on the map as a bulge interbedded between apparently 

unaffected layers. Following these levels further to the west, just some strata located on top of 

this deformation front can be traced and appear progressively less affected by the structure to  

finally recover an horizontal profile in the Tierrantona Road section. 

 

 

Figure 6-37. Example of undeformed offshore deposits of Unit C6 in Campo Ciego section. 

 

Interpretation 

Within the succession, in those cases when the deformation allows the recognition of internal 

structures, sediments are mainly interpreted as corresponding to an offshore transition to 

outer shelf depositional setting (Figure 6-37). Evidences suggest that they underwent a 

relatively rapid deposition followed by a large-scale creeping process, in tecto-sedimentary 

unstable conditions, probably related to the structural activity of the Foradada tear fault zone 

(see above).   
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Figure 6-38. Detailed correlation panel of the Castissent-2 sequence between Lascorz (E) and the 
Tierrantona Road (W), with the onset of the Charo-1 canyon (lower left corner, Unit C6), and 

highlighting the lateral continuity and tabular feature of the Perarrúa Fm deposits (Units C7-C8) (after 
Boya, 2011 and Remacha et al., 2011). An enlarged version can be consulted in the Addendum.  

 
 

6.3.2. Units C7 and C8 (Lascorz and Serreta Units) 

Description 

On top of this large-scale slumped interval interbedded with shelf sediments (Unit C6), a 

relatively homogeneous and mud-dominated succession is found, with high bioturbation rates, 

and conforming a monotonous vertical succession of the lower part of the Cs-2 sequence in 

the study area (Unit C7). When approaching the middle part of the sequence, however, 

alternations with marly sandstone beds appear (Unit C8). These beds are heavily bioclastic and 

laterally very continuous, showing typical features from the Perarrúa Fm as originally defined 

by Nijman and Nio, (1975) (Figure 6-38, see also Boya, 2011). They spread out along the entire 

field area, from E to W, and display in a progressively unconformity over the lower Cs-1 

sequence strata in the already described angular unconformity located to the east of Lascorz 

(see Geologic Map, Figures 6-1 and 6-25), as they also become progressively finer-grained.  

Thickness of these tabular and bioclastic beds is highly variable, ranging from scarce cm up to 2 

m-thick. However, single beds normally show a relatively constant thickness along the entire 
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study area (Figure 6-39). They show a clear plane-parallel geometry in both base and top, and 

they appear internally homogenized due to an intense bioturbation. They also show abundant 

fauna, essentially Nummulites arranged in most of cases in a chaotic position. They can rarely 

show sedimentary structures as hummocky cross-stratification. Beds are normally arranged in 

thinning and fining-upward packages (Figure 6-40), although some coarsening-up cycles have 

also been observed locally (Figure 6-39). Their contact with both the underlying and overlying 

material is often sharp. Proportion between sand bodies and alternated fines is normally 3:1 in 

the intermediate Cs-2 succession, becoming progressively finer towards the top and 

westwards of the study area.  

 

 

 

 

Figure 6-39. Field examples of the highly bioclastic, tabular and laterally continuous sandstone packages 
of Units C7 and C8 south of Campo Ciego section. 
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Interpretation 

These tabular and bioclastic beds are considered to be part of an offshore to outer shelf 

succession, mainly consisting in fine-grained material carried by suspension plumes and 

deposited by direct fallout. Among this mud-dominated succession, marly sandstone beds are 

recognized (O1 deposits), corresponding to the tails of hyperpycnal sedimentation in flood-

periods or storm-reworking of shelf sediment. During these periods, the depth of wave activity 

dramatically increases (Storm Weather Wave Base or SWWB), thus affecting the offshore 

transition zone and remobilizing the sediment located there, mostly shelf bioclasts and finer 

grain populations that are incorporated to the main flows and carried out to the outer shelf, 

where they finally deposit by direct fallout (see Facies Analysis). These huge and eventual 

clastic inputs of sediment represent excellent "feeding" periods for the autochthonous fauna, 

which develop and grow during the subsequent periods or relative lack of clastic supply, thus 

leading to the very intense bioturbation and high carbonate content observed among some of 

these strata (O2 deposits). 

 

 

Figure 6-40. Example of fining-up cycle of Units C7 and C8 in the Campo Ciego section. 

 

However, in the eastern sector of the study area, a mud-prone interval appears, which can be 

easily recognized in the field (see Geologic Map and Figure 6-1). This interval is considered to 

be important to highlight, since it constitutes a very characteristic offshore level on top of Cs-2 

sequence and is the first unit of this sequence that is also found in the eastern sections, 

beyond La Foradada Fault (Santo Cristo section). This interval is interpreted as representing 
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the period in which the deltaic system reached its most proximal position landward (maximum 

flooding surface), thus showing the finest package of sediment supplied by the Castissent 

deltas basinward (Boya, 2011). Frontally, to the west, this mud-prone interval shows sudden 

breaks and several steps which often display on their fronts slumped mud-dominated facies 

alternating with thin-bedded sands (see below). These facies could be interpreted as recording 

a gradual pass to slope settings, although they are considered to be the first fill deposits of 

new large-scale submarine surface, in this case belonging to the upper Santa Liestra sequence, 

which bounds the study area to the south and stops suddenly the deltaic system through the 

incision of the younger Charo-2 canyon (see Geologic Map and Figures 6-35 and 6-38). 

 

6.3.3. Unit C9 (Fuensalada Unit) 

Description 

The Fuensalada unit (Unit C9), although their areal expression is more reduced and just 

appears in the eastern edge of the study area, due to its partial erosion by the Charo-2 canyon 

basal surface (Figure 6-38), shows some important differences with the previous dominantly 

transgressive units (Units C7 and C8, see above). One of the main differences involves an initial 

progradational stacking cycle, which in turn culminates with a sudden reduction of the sandy 

clastic supply and thus development again of highly-bioclastic carbonate-rich levels, recording 

intervals with relative lack of extrabasinal supply (see above and Facies Analysis).  

 

 

Figure 6-41. Example of prograding trends of the lower Unit C9 deposits in the Santo Cristo section. 
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After this first regressive-transgressive stage, the clastic supply is restored and a new 

progradational trend can be observed (Figure 6-41), reaching further positions on the 

platform, and also culminating with a sub-feeding of sand and accumulations of carbonate-rich 

"lumaquelle" beds. These highly continuous bioclastic levels (Figure 6-42) are found alternating 

with the first prodelta mudstones of the Santaliestra/Campanué fan delta. Mud-rich packages, 

that pass vertically to the basal Campanué conglomerates, do not appear in the correlation 

panel of Figure 6-38 for the lack of logged sections of Cs-2 in the eastern part although they 

were mapped in the easternmost sector of the study area (see Geologic Map).  

It has been decided to associate the Unit C9 (Fuensalada) as representative of the first 

highstand deposits of the Cs-2 sequence. However, the application of sequence stratigraphic 

concepts on top of Cs-2 must need to be taken with caution, considering the importance of 

autocyclic processes related with the progressive increase of the northern-sourced Santaliestra 

fan delta, and its influence in sedimentation of the upper Cs-2 sequence, as many authors 

already suggested (Nijman and Nio, 1975; Nijman, 1998; Clevis, 2003). This fan appears, at 

least in its lowermost part, to have been somehow coalescent with the main eastern-sourced 

fluvio-deltaic systems of the upper Castissent, and could have locally deviated the axial 

systems that were feeding most of Cs-2 units or even replaced them (Roda, 2012). 

 

   

 

Figure 6-42. Field examples of the highly tabular and laterally continuous shelf sandstone packages of 
the Perarrua Fm in the upper Cs-2 sequence (Unit C9) close to Lascorz locality. 
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6.4. Sequence stratigraphy of the Castissent Sequences 

According to previous works, the Castissent sequences appear to have developed during a 

third order relative sea-level cycle (Davoli et al., 1991; Mutti, 1992; see also Benevelli, 2002). 

As mentioned before, they are contained within two angular-type unconformities. The Cs-1 

basal unconformity is associated with an important phase of southward propagation of the 

Montsec-Peña Montañesa lateral ramp complex (see Geological Setting Chapter). The 

submarine expression of this unconformity along this lateral ramp complex is known as the 

Atiart unconformity (Soler-Sampere and Garrido-Megías, 1970). In the middle part of the 

succession, on top of Cs-1, a late tectonic deformation phase occurred at the base of the 

overlying Cs-2 sequence. This event is recorded by the development of a large-scale 

gravitational failure related with an oversteepening process induced by La Foradada fault 

(Figures 6-25 and 6-43). The result of this deformation phase displays in the intra-Castissent 

unconformity which interpretation has been a matter of discussion (Davoli et al., 1991; Mutti, 

1992; Boya, 2011; Remacha et al., 2011; see text above and Geological Setting and Previous 

Works). The upper unconformity on top of Cs-2 sequence separates the Castissent strata from 

those belonging to the next Santa Liestra sequence, and it is thought to have also a clear 

tectonic control (Puigdefàbregas et al., 1989; Figure 6-44). Despite the result of the interaction 

between eustacy and tectonic deformation leads to a very complex depositional scheme, an 

interpretation in terms of sequence stratigraphy has been attempted. 

The Castissent depositional sequences are made by at least 9 lower hyerachical order 

depositional units (C1-C9, see Table 6-1). The lower Cs-1 sequence is characterized by a basal 

sand-rich turbidite channel-complex (Fosado Channel, Unit C1), which passes upward to clayish 

and silty intervals with profusion of thin-bedded turbidites (the Fuendecampo wedge, Units 

C2-C3) (Figure 6-43). Each one of these sandy wedges is thought to be a different slope 

channel-levee system, and all of them together would build a slope fan succession (in the 

sense of Van Wagoner et al., 1988). The next two units (Units C4-C5) display a prodelta mud-

prone wedge passing upwards to sand-rich delta front lobes and mouth-bar deposits, the latter 

being more present as moving to the east of the study area, where even fluvial distributary 

channel facies can be observed (see text above, Figure 6-13). These prograding units would 

represent a lowstand shelf-margin complex (Davoli et al., 1991; Mutti, 1992; Figure 6-43), with 

their relative transgressive facies not appearing or being subsequently eroded by 

cannibalization of the next sequence (Cs-2) (Figures 6-38 and 6-44, see also Boya, 2011), 

although some tidally-influenced estuarine deposits belonging to this retrogradational phase 

might have been occasionally preserved eastwards of La Foradada fault (see text above).  
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Figure 6-44. Field examples of the Charo-2/Lascorz canyon unconformity cutting down the upper strata 
of the Castissent-2 sequence to the north-east of the study area.  

 

A relative sea-level fall associated with a tectonically-induced large-scale gravitational failure is 

thought to be responsible for the formation of the intra-Castissent unconformity (Cs-1/Cs-2 

boundary, see Figure 6-25 and 6-43) affecting the upper part of Cs-1 sequence (Unit C5). Just 

above this surface, remobilized shelf sediments and a new shelf prograding unit (Unit C6) can 

be recognized (Boya, 2011) followed by a backstepping of the facies belt in the Perarrúa Fm 

deposits (Units C7-C8), where progressively more open marine deposits that define deepening-

upward sequences onlap landwards onto the erosive basal sequence boundary (Cs-1/Cs-2 

boundary, see text above).  

Culminating the succession, a later regression stage during a relative sea-level rise (Unit C9), 

related with the first deposition of the progradational and northern-sourced Campanué Fm 

conglomerates (with their distal equivalents of the upper Perarrúa Fm in the Ésera valley) may 

be interpreted as deposited when the rate of accommodation-space creation was lower than 

sedimentation rate, therefore reflecting a high sea-level stillstand (Payros et al., 2009). To the 

west, there is a lack of Cs-2 data basinwards because of the overlying erosion of the Charo-

2/Lascorz Canyon, cutting down the stratigraphy along the southern part of the study area (see 

Figures 6-38 and 6-44), and therefore becoming the upper boundary of the studied succession 

(see Geologic Map in Addendum). 

The Castissent depositional sequences therefore consist in a complex superposition and 

alternation of depositional systems that indicate a general transition, from east to west, from 

fluvial to turbidite facies, through deltaic and shelfal deposits. These depositional systems 

were framed, with some more or less remarkable deviations (Davoli et al., 1991), within the 

sequence stratigraphic patterns as they were defined in the late 80's (Posamentier et al., 1988; 

Van Wagoner et al., 1988).  
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SECOND ORDER 
(TSU) 

Remacha et al. 2003 

THIRD ORDER (ls-CDS) 
Mutti et al., 1988 

FOURTH ORDER (ss-CDS) 
FIFTH ORDER 

(EDS) 

TSU-3 

Lascorz/Charo-2 
unconformity 

 
Castissent-2 

or 
Cs-2 

 
 

Charo-1 unconformity 

C9 (Fuensalada Unit) 
Prograding fan delta deposits 

Fuensalada-1 

Fuensalada-2 

C8 (Serreta Unit) 
Backstepping outer shelf 

deposits 

Serreta-3 

Serreta-2 

Serreta-1 

C7 (Lascorz Unit) 
Backstepping offshore deposits 

Lascorz-2 

Lascorz-1 

C6 (Mediara Unit) 
Remobilized sediments and 
prograding shelf deposits 

Mediara 

or Intra-Castissent 
unconformity 

 
 
 

Castissent-1 
or 

Cs-1 
 
 
 
 

Atiart unconformity 

C5 (Pocino Unit) 
Fluvial to upper slope deposits 

Pocino-2 

Pocino-1 

C4 (Fuendecampo Unit) 
Deltaic to upper slope deposits 

Fuendecampo-3 

Fuendecampo-2 

Fuendecampo-1 

C3 (Samper Unit) 
Slope turbidite deposits 

Samper-3 

Samper-2 

Samper-1 

C2 (Atiart Unit) 
Slope turbidite deposits 

Atiart-4 

Atiart-3 

Atiart-2 

Atiart-1 

C1 (Fosado Unit) 
Turbidite cannel-complex facies 

Fosado-5 

Fosado-4 

Fosado-3 

Fosado-2 

Fosado-1 

Table 6-1. Stratigraphic framework summarizing the different hierarchical orders identified. 

 

6.5. Magnetostratigraphy 

The general paleomanetic results from the sampled interval (Figures 6-45 and 6-46) are 

relatively stable (Figure 6-47), and have been compared with previous chronostratigraphic 

studies from the area (e.g., Holl and Anastasio, 1993; Bentham and Burbank, 1996; Babault et 

al., 2000; Payros et al., 2009; see Discussion). Most of the plots permit to calculate 

paleopolarities although samples could not be considered due to its instability, which was 

common in very low intensity samples. Intensity of the NRM values is generally around 0.3 

mA/m.  
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Up to three components were observed: low, middle and upper temperature components. 

Low temperature component was demagnetized around 120˚C and is considered to be of 

viscous origin. The middle temperature component had unblocking temperatures between 

120˚C and around 240˚C and could be the result of the present day field.  A high temperature 

one was observed between 240˚C and around 400˚C. In agreement with the previous works, 

this characteristic remnant component is considered to be of primary origin (i.e., from a 

depositional/post-depositional origin). At temperatures higher than 400˚C a spurious 

behaviour was generally observed, which took place together with sudden increases in 

magnetic susceptibility. 

 

 

Figure 6-45. Map showing the location of different paleomagnetic samples collected along the field 
area. The lack of paleomagnetic data and reliable correlation in the lowermost strata of the Cs-1 

sequence at both sides of the Samper thrust (see map) and the location of the main objective of the 
study in the Cs-1/Cs-2 boundary has led to focalize the detailed analysis of the results in the uppermost 

succession encompassed within the Charo (sections 13 and 14) and Lascorz (section 6) regions. 
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Figure 6-47. The composite studied section with declination and inclination results, as well as the 
polarity inferred from paleomagnetic samples. 
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The declination and inclination plot of the obtained measures (Figure 6-47) displays three 

magnetozones: R1, N and R2. R1 is, by far, the larger one (around 350m thick, between station 

AT08 and AT37) and is well documented, despite in the basal 100 meters, some samples with 

‘inconsistent’ values are observed (south directed declination but positive inclinations). N 

magnetozone is well documented and is represented by four stations (LZ01 to LZ04), but the 

upper (younger) part could reflect the transition to R2 (LZ04). The latter is represented by one 

single site (LZ05), but polarities are stable and unambiguous. 

 

The interpretation and implications of the results of the paleomagnetic analysis in the 

chronostratigraphy of the Castissent sequences will be commented in the next Discussion 

chapter. 

 



193 

 

7. DISCUSSION 

 

Hyperpycnal flows constitute a new scientific frontier for sedimentology of clastic systems and 

this is proved by the increasing evidences of their presence found in the sedimentary record 

(Mulder and Syvintski, 1995; Mulder and Alexander, 2001; Mulder et al., 2003; Mutti et al., 

2003; Plink-Björklund and Steel, 2004; Bhattacharya and MacEachern, 2009; Zavala et al., 

2011; see Introduction). From an applied perspective, the reinterpretation of 

controvers(Figure 7-7)ial deposits as those related to hyperpycnal flows can substantially 

improve exploration and development methods for clastic reservoirs, particularly those 

associated with the transition from shallow to deep-marine settings. 

The application of sedimentary facies tracts (Mutti, 1992; Mutti et al., 1999) that establish the 

relationships between all deposits found from river mouths to upper slopes, both in 

tectonically-controlled or passive settings enhances the prediction potential of field 

sedimentology in submarine exploration of shelf margins (Mutti et al., 1996, 2000; Tinterri, 

2007). The revision of mechanisms and processes involved in the crucial interface contained in 

the shelf-edge appears to be a key concept to understand the relationship between 

depositional environments and factors controlling the by-pass of sand, likely to accumulate 

and form hydrocarbon reservoirs in base-of-slope settings or even further basinward.  

 

Fluvio-deltaic sediments of the the Castissent sequences 

Excellent outcrops offered by the area between the Ésera valley and the Charo region have 

allowed a very detailed study of the transition between fluvio-deltaic and slope facies of the 

Castissent-1 (Cs-1) and Castissent-2 (Cs-2) sequences. The results of an extensive field work, 

integrated within a detailed geological map and correlation panel, clearly show that the shelf-

to-slope transition was mainly controlled by tectonics and river sediment supply (Poyatos-

Moré, 2009; Remacha et al., 2011), with less influence of wave action and eustacy, although 

somehow present in the spectrum of sedimentary structures and in bed set arrangement, 

respectively, with also a likely presence of tides (see Facies Analysis and Stratigraphy). 

Channelized turbidite sand bodies can be correlated with large-scale erosive surfaces that 

appear to have formed from gravitational failures mainly triggered by successive tectonic 

pulses and deformation related with the southward propagation of the Montsec-Peña 

Montañesa thrust unit and the kynematics of its associated lateral ramp complex (La Fueva 

system, Fernández et al., 2012).  
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Despite this, very clear depositional relationships can still be established in the stratigraphic 

succession of Cs-1 sequence, particularly between the mud-prone thin-bedded turbidite 

wedge (Units C1, C2 and C3), forming a slope fan succession, and the adjacent prograding shelf 

margin (Units C4 and C5). This latter is mainly represented by an alternation of highly 

bioturbated and fossiliferous levels and a wide spectrum of hyperpycnal flow deposits (see 

Stratigraphy). After a revision of sedimentary facies, flood-related hyperpycnal flows, as well as 

localized instability processes appear to have been the natural linkage between shelf-margin 

deposits and thin-bedded slope turbidites, although hyperpycnal flow deposits are considered 

to have been the main process responsible for sand delivery beyond the shelf-edge (Remacha 

et al., 2011) (Figure 7-1). Abundance of oxidized plant remains favours to interpret the 

existence of a direct fluvial connexion with hyperpycnal flows that reached upper slope 

positions through bypassing the shelf-edge region (Poyatos-Moré, 2009). This connexion 

becomes also suggested by evidences of fluctuating discharges in the bed architecture and 

arrangement of channelized slope facies (see Facies Analysis).      

 

Figure 7-1. Block diagram summarizing the wide spectrum of deposits observed within the Castissent 
depositional sequences, mainly associated with the formation and ignition of hyperpycnal-type flows 
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and their relationship with gravity induced surge-type flows in the deltaic bulding, creation and infilling 
of slope conduits, and with outer shelf carbonate-rich facies, developed in areas or times of relative lack 

of clastic sediment supply by the action of the autochthone biotic communities. 
 
 

Based on field evidences, the Ainsa basin, during the period in which the Castissent sequences 

deposited (50.63-47.8 Ma, see Geological Setting and Previous Works) was a topographically-

controlled basin, where deltaic deposition was strongly influenced by a series of syn-

sedimentary structures roughly oriented NW-SE (Nijman and Nio, 1975; Mutti et al., 1988; 

Muñoz et al., 1994; Mascle and Puigdefàbregas, 1998). A certain structural confinement was 

exerted to the west by the onset phases of the Mediano anticline (Clamosa Dome, Teixell and 

Barnolas, 1995) and to the north and north-east by the Sierra Ferrera frontal thrust (Montsec-

Peña Montañesa Unit) and its associated lateral ramp zone (La Fueva system and Foradada 

tear fault, Fernández et al., 2012; Muñoz et al., 2013) (Figure 7-2). This topographic 

confinement appears to have controlled the position, increase and direction of river-sourced 

sediment-laden stream flows, but also the effect of wave reworking. In this structural setting, 

flood-related hyperpycnal flows underwent several expansions and ignitions during their 

movement downslope as a result of different hydraulic jumps (see Facies Analysis). 

Particularly, since the activity of syn-sedimentary thrusts and folds of the Castissent sequences 

(e.g., the Samper out-of-syncline thrust and the associated Los Comunes anticline) would have 

produced structural reliefs and eventually increased the shelf gradient is therefore plausible to 

suggest that these topographic “hindrances” produced progressive accelerations (due to 

confinement) and decelerations (related with expansions) of hyperpycnal flows, during their 

movement downslope.      

 

Tecto-sedimentary relationships 

The Castissent deposits display directly related with pre-, syn- and post-depositional processes 

with a continued tectonic activity, varying in intensity and conditioning basin morphology, 

facies distribution and local sediment entry points. As a consequence of the constant 

movement of the Montsec-Peña Montañesa unit, a tear-fault developed in a relative strike 

position to the shelf (La Foradada fault, overall NNE-SSW). It started immediately after 

deposition of the Castigaleu sequence (50.63 Ma, Upper Ypresian), and progressively stopped 

in the boundary between Cs-2 and the upper Santa Liestra sequence (47.8 Ma, Ypresian-

Lutetian boundary) (Payros et al., 2009), whose deposits are practically unaffected. 

Consequently, the activity of this fault directly affected sediments of Cs-1 and Cs-2 sequences. 

The age of the fault therefore corresponds to the Castissent sequences time lapse, during 
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which the most immediate effect was the creation of a regional morphologic threshold, 

coinciding with the fault zone, in which instability processes took place easily, and also an 

abrupt deepening of the depositional profile, reflected by the sudden facies changes occurring 

at both sides of the fault (see text below and Correlation Panel in Addendum) (Figure 7-2).  

 

 

Figure 7-2. 3D diagram showing the distribution of different units contained in the Castissent 
depositional sequences, with the position of the Fosado-Torla and Arro-Broto turbidite systems, and 
their relationship with the main tectonic structures affecting the study area (modifed after Millington 

and Clark, 1995). 

 

The importance to establish the tecto-sedimentary relationships in the study area has been the 

key concept to understand the origin of turbidite strata along the lower Cs-1 sequence 

succession and especially in the upper part (Units C4 and C5) (Poyatos-Moré, 2009) (see text 

below). Laterally continuous outcrops offered by upper strata of Cs-1 reveal that they were 

strongly influenced by different tectonic pulses in the already mentioned thrust-and-fold belt 

of la Fueva system, to the central and western parts of the study area (Remacha et al., 2011). 

Local thrust activity created accommodation space and potential erosive surfaces located to 

the base of each high-frequency unit. Tilting favoured a progressive increase of the shelf 

gradient, allowing the ignition of continental-derived hyperpycnal flows through the shelf-

margin, but also triggered liquefaction and remobilization of shelf soft sediment located close 

to the shelf-edge (Figure 7-1, see Facies Analysis). After each tectonic pulse and its relative 

coarse-grained sedimentation phase, the deltaic system advanced basinward and recovered 

the horizontal profile with deposition of subsequent upper delta front lobes in a high-
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frequency unit. During and after this late phase, most of coarse sediment became "perched" in 

river-mouth, and shelf settings and a starvation phase was recorded in slope positions by 

deposition of mud-dominated populations by direct fallout from sediment fine-grained 

hypopycnal plumes.  

 

Sequences, boundaries and implications 

The lower boundary of Cs-1 sequence, directly overlying the previous Castigaleu sequence 

deposits, is perfectly established and accepted in the classical Atiart unconformity (Soler-

Sempere and Garrido Megías, 1970) in most of the study area, from the Atiart locality to the 

Foradada fault. In this entire zone it is manifested by a spectacular angular unconformity and a 

sudden facies change at both sides of the boundary (Figure 7-3). This change mainly involves 

outer shelf sediments of the Castigaleu sequence over which thin-bedded turbidites of the 

Fosado-Torla turbidite system lie unconformably, forming the lower stratigraphic succession of 

Cs-1 (Units C1 to C3, Figure 7-3). Its mapping extension, to the east of the study area, beyond 

La Foradada fault and close to the Esera region, is evidenced by a marked erosion surface, 

perfectly visible at outcrop scale and occasionally also in mapping scale (see Geologic Map in 

Addendum). This surface is highlighted by a strongly reworked hardground level, found and 

correlable along the entire eastern area.       

 

Figure 7-3. General stratigraphy of the Castissent sequences between the Ésera River and the Charo 
region, with the location of the main sequence boundaries and their relationship with the tectonic 

structures. 
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The controversial sequence boundary between the Castissent depositional sequences, in the 

western part of the study area, is thought to be related with a large-scale gravitational failure 

of sediment, which implies a remobilization of part of the deposits of the upper Cs-1 (Unit C5), 

in a process enhanced by the late stages of a tectonic activity located to the east of the study 

area (Foradada tear fault). Between La Foradada fault and the surroundings of Lascorz locality, 

part of the upper deposits of Cs-1 and the expected shelf sediments of the lowermost Cs-2 

sequence are missing, replaced by a mud-dominated succession displaying onlap terminations 

over the upper Cs-1 (see Stratigraphy and Geologic Map in Addendum). However, these 

“missing” sandy deposits are located approximately 3-4 km further to the west, involved in a 

large-scale translation and creeping process. This mega-slump had its extensional 

area/avalanching face between La Foradada and Lascorz localities and the compressive or 

frontal area in Los Comunes (Figure 7-3, see Stratigraphy and Geologic Map in Addendum). The 

displacement of this shelf package might have had the detachment level in the lower mud-

dominated intervals, which are commonly found on top of slope turbidites.  

For its stratigraphic position, this large-scale remobilization is thought to be genetically 

equivalent with the Charo-1 canyon-fill (see Stratigraphy). The fine-grained detachment level, 

at the base of the mega-slump, is correlatable with the basal incision of the canyon and is also 

filling the empty space left by the remobilized shelves on the large-scale slump scar, located 

close to Lascorz. An important lowering of relative sea-level associated with this process 

(Davoli et al., 1991, Mutti, 1992), together with an increase of the shelf gradient and exposure 

of shelfal blocks susceptible to be eroded, led to the formation of high-density gravity flows, 

and the large-scale translation of upper Cs-1 deposits happened synchronously with the first 

phases of the Charo-1 canyon incision. Since the basal surface of the submarine canyon is 

laterally correlatable with the Arro channel (Mutti et al., 1988; Millington and Clark, 1995), 

then the Charo-1 incision represents the eastern margin of the canyon that fed the Arro-Broto 

turbidite system (Mutti et al., 1988; Millington and Clark, 1995; Figure 7-2).    

Between the Ésera River and La Foradada fault, the intra-Castissent boundary is more difficult 

to recognize. It thought to be a paraconformable contact located on top of Cs-1 fluvial deposits 

which correspond to a transgressive surface in this area. Fluvial deposits are directly below a 

sudden facies contact with overlying offshore facies (Perarrúa Fm), belonging to the upper Cs-2 

sequence (Unit C8, see upper Santo Cristo section). However, after a revision and extension of 

chronostratigraphic data, this contact is considered to contain a significant sedimentary hiatus 

(see text below and Paleomagnetic Analysis in Stratigraphy), corresponding to the time-lapse 

of the Arro-Broto turbidite system formation, and thus justifying the emplacement and 
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extension of the intra-Castissent sequence boundary in the sections eastwards of La Foradada 

fault. 

Directly overlying turbidites forming the Charo-1 canyon-fill, a new prograding shelf-margin 

delta forms (Unit C6, Boya, 2011), contrasting with the attribution of Cs-2 turbidites and their 

associated shelves as belonging to a transgressive and thus “out-of-sequence” system (Davoli 

et al., 1991). This shelf-margin delta shows evidences of gravitational deformation with 

profusion of scar slumps, sediment failures and liquefied levels with more or less associated 

sliding and remobilization (Poyatos-Moré, 2009; see Facies Analysis). Overlying these 

remobilized sediments, there is a mud-rich backstepping succession interbedded with 

hyperpycnal beds and highly fossiliferous sandy carbonates (with Assilina, Disocyclina and 

Nummulites, among others). Most of these deposits deposited in offshore conditions, with 

local presence of glauconite, and show a backstepping pattern, typical from the Cs-2 sequence 

succession in this area (Units C7 and C8; see Stratigraphy). Some of these carbonate-rich levels 

form laterally continuous macroforaminifera "lumachelle" layers, interpreted to deposit in 

outer shelf settings (Boya, 2011; Remacha et al., 2011), in conditions of relative decrease of 

clastic supply influence (see Facies Analysis). These mud-rich intervals with bioclastic beds are 

thought to represent the transgressive systems tract of Cs-2, disposed in a clear angular 

unconformity over the lower remobilized strata, and disappearing by onlap termination over 

the intra-Castissent boundary in the area between Lascorz and La Foradada fault (Figure 7-3, 

see Stratigraphy). Besides, the upper mud-rich intervals with bioclastic beds display in a 

relative conformity with the upper prodelta marls of the Santa Liestra fan delta (Santa Liestra 

sequence; Crumeyrolle, 1987), containing slightly prograding deposits of a likely highstand 

systems tract (Unit C9; Payros et al., 2009), which has not been possible to assure, due to the 

alternation with the fan delta conglomerates to the south-eastern part of the study area, and 

the lack of good exposures and stratigraphic sections logged.  

For all these reasons, and for the sake of clarifying the upper stratigraphic succession, the Cs-2 

sequence is considered to include, from base to top, the basal surface of Charo-1 canyon filled 

by the upper Cs-1 remobilized deposits and prograding shelves (Unit C6), the mainly 

backstepping hyperpycnal beds alternating with highly fossiliferous levels (Units C7 to C8), and 

finally the distal deposits of the lower Santa Liestra fan (Unit C9), before being cut by the 

overlying Charo-2/Lascorz canyon (Mutti et al., 1988; Barnolas et al., 1991; Remacha et al., 

2003; Figure 7-3).  
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Chronostratigraphy and the Intra-Castissent boundary 

After updating all previous chronostratigraphic data from studies carried out in the same basin 

during the past to the new boundaries and timescale proposed in Gradstein et al. (2012), the 

Ésera River section presented by Bentham and Burbank (1996) may be interpreted to span 

from 57.1 Ma (base of chron C24r: Alveolina Limestone) to 48.57 Ma (base of chron C21r: base 

of the Campanué conglomerates; Garrido-Megías, 1968) (see Geological Setting and Previous 

Works). La Foradada tear fault, which cuts all Eocene strata older than the Castissent Fm as 

field evidences suggest (see text above and Stratigraphy), would have an age (largely 

coinciding with the base of the Castissent sequences) slightly below 50.63 Ma (base of SBZ11 

Zone) (Tosquella and Serra-Kiel, 1998; Payros et al., 2009). Thus, the Castissent sequences 

deposited during upper Cuisian times (upper Ypresian), whereas the upper boundary of the 

Castissent sequences (Charo-2/Lascorz unconformity) seems to be roughly located around the 

Ypresian-Lutetian boundary (47.8 Ma, base of SBZ13 Zone) (Payros et al., 2009).   

Field observations regarding the stratigraphy of the Castissent sequences, however, pointed 

out the need to revisit and highlight the importance of the Intra-Castissent sequence 

boundary, since it has been disregarded by most of chronostratigraphic studies done in the 

area (see Payros et al., 2009). This is quite surprising since, from a sedimentological 

perspective, the Cs-1/Cs-2 is a basin-scale major boundary, proposed by many authors (Mutti 

et al., 1988; Davoli et al., 1991; Millington and Clark, 1995; Remacha et al., 2003) as the basal 

surface of one of the most sandy turbidite systems in the Hecho Group: the Arro-Broto system.  

In the field area, the basal contact of this system is recorded by the Charo-1 canyon surface, 

which cuts down the underlying materials of the upper Cs-1 sequence (see Stratigraphy), and 

whose laterally equivalent surface appears related with a large-scale gravitational failure 

affecting the upper part of the underlying Cs-1 shelf deposits (Figure 7-3; see Stratigraphy). 

However, its upstream expression has always been disregarded probably due to its 

paraconformable behavior eastwards of La Fordada fault. 

The expression of this Cs-1/Cs-2 sequence boundary in the Ésera valley, as already mentioned, 

is recorded by an apparent conformable contact, although it shows a relatively sudden facies 

change between the Castissent and Perarrúa Formations (Nijman and Nio, 1975), with fluvial 

facies overlain by marine offshore deposits (see also description of this boundary in 

Stratigraphy). After a careful review of paleomagnetic data presented by Bentham and 

Burbank (1996), this boundary largely coincides with the base of Chron C22n (see Geological 

Setting and Previous Works).  
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Figure 7-4. Large-scale composite log of the upper Castissent depositional sequences showing the 
position of samples collected in the Charo (left) and Lascorz (centre) regions (see location in map) and 
the large-scale correlation with the Ésera river section used by Bentham and Burbank (1996) for their 

paleomagnetic study. Note the onlap termination of lower strata of Cs-2 sequence (grey coloured) onto 
the intra-Castissent boundary and the consequent sedimentary hiatus found in the paraconformable 

contact between Cs-1 and Cs-2 in the Ésera river, coinciding with the geomagnetic polarity change from 
Chron 21 to Chron 22. The time lapse contained in this hiatus would therefore record the whole 

development of the Arro-Broto turbidite system basinward, related to Cs-2 sequence, justifying the 
emplacement of a major sequence boundary separating the Castissent sequences. 

 

However, when looking at the correlation of data between the Ésera section and the section 

presented here (Figure 7-4) it is possible to see that the geomagnetic polarity of the underlying 

deposits belonging to the Cs-2 sequence (Units C6 to C8, and therefore all turbidites below), 

which laterally disappear by onlap over the Cs-1/Cs-2 boundary close to Lascorz locality, 

belong to the C22r Chron. This largely suggests the existence of an important lack of time 

representatives in the contact between Cs-1 and Cs-2 in the Ésera river valley succession, 

during which sediments belonging to the lower Cs-2 sequence (including all the Arro-Broto 

turbidite system) deposited in further positions basinward.  

The sequence boundary that separates the Castissent depositional sequences is a clear by-pass 

surface, as it can be observed in the field (see Stratigraphy), but now becomes also 

demonstrated by the sedimentary hiatus found within the surface between the 2 sequences in 

the Ésera river (Figure 7-4; see Geological Setting and Previous Works), coinciding with the 

location of the Geomagnetic Polarity change in Chron C22 (see Bentham and Burbank, 1996). 

This surface is clearly visible in mapping scale to the west of La Foradada fault by the onlap 

termination of Cs-2 sequence strata over the top of Cs-1 sequence (Figures 7-3 and 7-4). Thus, 

as field evidences presented in previous chapters suggest, this boundary must be considered a 

major sequence boundary, as it has been accepted for a long time, especially when looking at 

the expression of major turbidite systems basinward, but never demonstrated in the proximal 

area as in this work (Davoli et al.,1991; Mutti, 1992; Millington and Clark, 1995).   

Besides, the use of "Charo canyon" to refer to the upper boundary of the Castissent sequences 

(Payros et al., 2009), located at the base of the upper Santa Liestra sequence and close to the 

Ypresian-Lutetian boundary (47.8 Ma, base of SBZ13 Zone; see Geological Setting and Previous 

Works), appears to be largely problematic, since it may perfectly confuse and lead to 

misinterpretations when dealing with the stratigraphy of the area. In this work, it has been 

recognized that this boundary coincides with the basal surface of the Charo-2/Lascorz canyon, 

as already suggested in previous works (Crumeyrolle and Mutti, 1986; Mutti et al., 1988). Field 

mapping in the Charo region suggested the existence of two submarine canyon incisions (Mutti 
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et al., 1988; Millington and Clark, 1995, Remacha et al., 2003), which were named, from base 

to top: Charo-1 and Charo-2 canyons. The Charo-1 unconformity appears related with the 

lower Cs-2 deposits (Unit C6, see text above and Stratigraphy) and its large-scale 

remobilization process, and lies directly over the Cs-1/Cs-2 contact, being laterally equivalent 

to the Arro sandbody. Charo-2, in turn, cuts down the upper Cs-2 shelf sediments (Millington 

and Clark, 1995) and is laterally related with the Gerbe-Cotefablo turbidite system, located to 

the base of the Santa Liestra sequence (Mutti et al., 1988), out of the scope of this work, 

although still contained in the TSU-3 (Remacha et al., 2003). 

It seems therefore clarified that the term "Charo canyon" used by Payros et al. (2009) and 

other authors refers in fact to the Charo-2 unconformity. However, most of 

chronostratigraphic data presented by these authors is highly reliable, and thus it is acceptable 

to place the upper boundary of the Castissent-2 sequence in the field area close to the 

Ypresian-Lutetian transition (op. cit.). However, biostratigraphic and structural studies often 

disregard the existence of the Cs-1/Cs-2 sequence boundary in their work probably due to 

their focus in pre-existent and already widely accepted lower and upper boundaries (Atiart and 

Charo-2 unconformities). 

 

 

 

Figure 7-5. Synthetic correlation comparing the paleomagnetic results between the Ésera river valley 
(Bentham and Burbank, 1996), this study and the Mediano anticline region (Holl and Anastasio, 1993). 
Note the likely absence of Cs-1 equivalent deposits in the sampled section in the eastern flank of the 

Mediano anticline. 
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On the other hand, in the paleomagnetic work provided by Holl and Anastasio (1996), located 

around the Mediano anticline (to the west and slightly outside the study area) the Charo-1 

unconformity seems that was effectively taken into account, at least because an intra-

Castissent erosive contact is considered, placed in the lowermost succession of the western 

limb of the Mediano anticline, between the Fosado-Torla (Cs-1) and Arro-Broto (Cs-2) 

turbidites. These authors situate the boundary between the Castissent and Santa Liestra 

Groups in the Chron C21n, which roughly coincides with the observations done in the present 

work in the Ésera river section (see text above). However, the exact location of their samples 

was not provided in the paper so it only has been possible to establish a tentative correlation 

with the materials studied in this chapter (Figure 7-5). In this simplified panel, a correlation 

problem appears when trying to link the lowermost Castissent Group sediments at both sides 

of the anticline, since the Chron C22n apparently disappears (Holl and Anastasio, 1993, see 

Figure 7-5). This is interpreted as probably due to a lack of equivalent Fosado-Torla system 

turbidites (Cs-1 sequence) in the measured section of the eastern flank of the Mediano 

anticline due to the subsequent large-scale erosion exerted by the Charo-1 canyon and its 

associated Arro-Broto turbidite system (Cs-2 sequence; see Stratigraphy).   

  

Finally, field observations made in the western part of the field area (Charo region, see 

Geologic Map in Addendum) roughly coincide with the observations made by Davoli et al. 

(1991) and Mutti (1992), whose prolongation of the Charo-1 canyon in the road from La Nata 

river to the town of Tierrantona, on top of Unit C5 (see Stratigraphy) is thought to be highly 

reliable. The mapping extension of this Cs-1/Cs-2 sequence boundary towards the E shows that 

is linked with a strong tectonic period of activity of La Foradada fault, as the profusion of 

instabilities and seismically-triggered liquefied levels suggest. The sequence stratigraphic 

interpretation proposed in this work does not agree completely with the conclusions made by 

the latter authors, which gave the unconformity an "out-of-sequence" character. Field results 

presented in previous chapters and recent works (Boya, 2011) agree that a strong tectonic 

control largely influenced the formation of this boundary, associated with a large-scale 

remobilization process affecting the upper part of Cs-1 sequence (Figure 7-3). However, still 

evidences have been found of relative sea-level fluctuations and systems tract (Boya, 2011) 

that are also considered to have played an important role in the intra-Castissent boundary 

formation (see Stratigraphy). 
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The Lower Deltaic Complex (Units C4 and C5) 

The deltaic units of Cs-1 sequence (Units C4 and C5) have been subdivided in informal 

lithostratigraphic units, each one with its main facies associations and their interpreted 

depositional environments (Figure 7-6). Unit C4 comprises 4 informal lithostratigraphic units, 

whose main characteristics are thought to be associated with a flood-dominated river-delta 

system, wave influenced and occasionally tidal affected (weak evidences). As already 

suggested by Nijman and Nio (1975), these facies were strongly contolled by the basin 

morphology, which in this case was relatively narrow and elongated, especially in its most 

proximal part. In these conditions a temporary development of estuarine areas must be also 

considered. The deltaic system display a first river mouth area (Unit C4a) with local 

development of estuaries, laterally related with a relatively small and short shelf or delta front 

region (Unit C4b) passing rapidly to offshore environments through outer shelf and prodelta 

deposits (Unit C4c). These latter facies can be laterally correlated with channel-overbank 

turbidite deposits (Unit C4d), which are thought to be the upper part of a submarine slope 

canyon fill (Atiart canyon). In general, these units form a deltaic system prograding towards 

the NW. The interaction between tecto-sedimentary factors (proximity to the lateral ramp 

zone of the Montsec-Peña Montañesa thrust unit) and relative sea-level changes, together 

with a climatic cyclicity that drove the fluvial sediment supply are thought to have been the 

major controlling factors of sediment dispersal and general features of Unit C4 (see text 

above).  

The boundary between Unit C4 and C5 is manifested, in the eastern area between the Ésera 

river and La Foradada fault, by a hardground level overlain by an erosive surface and a sudden 

facies change (Ésera-Rolespe and Santo Cristo sections). However, between La Foradada and 

the western margin of the study area (Charo region) this boundary becomes more difficult to 

recognize. Proximal coastal sediments belonging lithologically to the upper Cs-1 sequence 

(Unit C4a and C4b) underwent liquefaction processes and a small-scale remobilization, gliding 

in an intra-shelf differential motion with the detachment level located in the interbedded mud-

dominated sediments. This creep movement was associated with the creation of upper slope 

conduits and their first filling periods, as a response of a temporary lowering of relative sea-

level, likely contributed with a short tectonic pulse of La Foradada fault (in a smaller scale as 

that observed in the major Cs-1/Cs-2 boundary). The slope incisions that laterally correlate 

with this intra-shelf slump form the bounding surface between Units C4 and C5 in the Charo 

region (Figure 7-7). 
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Thus, the boundary between Units C4 and C5 in the middle part of the study area must be 

established below the upper C4 remobilized sediment which, although being lithologically part 

of Unit C4, moved and re-deposited later, being involved in the mass-transport deposition of 

the lower Unit C5 (Unit C5e). The widespread deformation of shelf sediments along the study 

area, and especially liquefaction processes affecting upper Cs-1 sequence are considered to be 

related with the generalized tectonic instability of the basin margin between La Foradada and 

the Charo region (Remacha et al., 2011; see Facies Analysis Chapter).      

 

 

 

Figure 7-7. Sketch based on field correlation showing the boundary between Units C4 and C5, and an 
example of lateral facies associations in Unit C5. Note the strong tectonic influence exerted by La 

Foradada Fault and Samper out-of-syncline thrust in the location of sequence boundaries, lateral facies 
changes and the position of the shelf-edge at each time deposition. 

 
 

Unit C5 also corresponds to a deltaic system prograding towards the NW. Unlike the previous 

Unit C4, in this sequence it has been possible to observe a major fluvial expression (Unit C5a), 

restricted exclusively to the eastern part of the study area (Ésera-Rolespe and Santo Cristo 

sections). These fluvial deposits pass rapidly to coastal facies (Unit C5b) in a wider sense, with 

a longer delta front succession (Unit C5c) compared the previous unit. These deltaic facies, in 

turn, pass laterally to outer shelf and prodelta deposits (Unit C5d), culminating the lateral 

evolution of sedimentary facies with slope turbidites, mainly showing channel-levee 

associations and coarse-grained slumped facies (Unit C5e). The transition from both extreme 

depositional environments, from practically fluvial features to deep water turbidites takes 
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place very rapidly (about 10-12 km). This rapid evolution appears clearly controlled by the 

location of La Foradada fault, which defined the position of facies changes, since distal facies 

just develop westward of the fault and fluvial sediments pinch out to the east of the fault. Los 

Comunes anticline, a structure response of the activity of the Samper out-of-syncline thrust 

(Travé et al., 1997), controlled the location of the shelf-edge, at least in the boundary between 

Cs-1 and Cs-2, since most of channelized slope turbidites start to incise shelf lobes beyond this 

structure (Poyatos-Moré, 2009) (Figure 7-7).     

As a summary, the transition between shelfal lobes and slope turbidites in the river-dominated 

and active Castissent shelf margin was done through the formation of hyperpycnal flows, 

strongly controlled by tectonics, which mostly determined the position of the shelf-edge and 

consequently the facies distribution, as postulated by Remacha et al. (2011). To the west of 

the study area, it has been observed that favoured by the steepest limbs of local thrust ramp 

anticlines development of high-frequency unconformities occur, leading to turbidite 

sedimentation in slope channels or gullies and their associated fine-grained overbank 

sediments. The architecture of growth-strata associated to syn-sedimentary thrusting can be 

therefore explained by the study of these different high-frequency units, justifying the stacking 

patterns and facies distribution in a sub-seismic scale. Thus, high-frequency boundaries record 

temporary deformation pulses, associated with incision and coarse-grained deposition in the 

bottomsets, and deltaic sedimentation mostly occur during "lessened" tectonic periods in 

which the system recovers its original profile with the accretion of sand in the shelf-edge. 
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8. OTHER DELTAIC STUDIES IN DIFFERENT SETTINGS 

This chapter is based on: 
 

 

 

 

8.1. The New Jersey margin 

Oligocene to modern siliciclastic sediments were recovered from 3 cored boreholes (M27-

M28-M29; Figure 8-1) on the inner continental shelf of New Jersey during Integrated Ocean 

Drilling Program (IODP) Expedition 313 in April to July 2009 (Mountain et al., 2010). A major 

objective of the Expedition 313 was to reconstruct the changing paleoenvironmental 

conditions on the continental shelf during early-middle Miocene times, a period of important 

glacio-eustatic sea-level changes (Mountain et al., 2010), and to test sequence stratigraphic 

models (Miller et al., 2013a). Particularly, sediments show the effects of constant variations in 

sediment supply, tectonic uplift or subsidence of the basin, and global sea-level changes 

(eustacy). The New Jersey margin is an ideal natural laboratory for the comprehension of 

interaction between eustacy, tectonics and sediment supply, due to the amount of previous 

existing datasets (summarized in Mountain et al., 2010). This data provided a good potential 

for excellent age and paleodepth control, and for relatively simple tectonic changes, mainly 

controlled by thermo-flexural subsidence that can be modelled (Kominz et al., 1998, 2008; 

Miller et al., 2005). 

Interaction between clinoform trajectory, sedimentary process regime and timing 
of sediment delivery of an intrashelf clinothem succession, offshore New Jersey 

Poyatos-Moré, M.1, Hodgson, D.M.2 and scientists of the IODP Expedition 313 

1
Departament de Geologia, Universitat Autònoma de Barcelona, Spain 

2
School of Earth and Environment, University of Leeds, UK 

51th British Sedimentological Research Group Annual General Meeting, University College Dublin, 
18-20

th
 December, 2012 

Shelf edge sediment bypass during rising clinoform trajectory and the significance 
of lateral margin variability: Miocene New Jersey margin and Permian Karoo 
Basin, South-Africa 

Jones, G.D.1, Poyatos-Moré, M.2, Hodgson, D.M.3 and Flint, S.S4 

1
VNG Norge AS, Oslo, Norway 

2
Departament de Geologia, Universitat Autònoma de Barcelona, Spain 

3
School of Earth and Environment, University of Leeds, UK

 

4
School of Earth, Atmospheric and Environmental Sciences, University of Manchester, UK 

30th IAS Meeting of Sedimentology, University of Manchester, 2-5
th

 September, 2013 
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The New Jersey-Delaware-Maryland Atlantic shelf is an example of a passive margin. A rifting 

period during the upper Triassic (aprox. 230 My) and a mid-Jurassic seafloor spreading 

(Sheridan and Grow, 1988; Withjack et al., 1998), were followed by thermal subsidence, with 

sediment loading and associated flexure (Watts and Steckler, 1979; Reynolds et al., 1991). The 

Jurassic succession comprises 8–12 km of shallow-water limestones and mudstones in the 

region of the Baltimore Canyon Trough. A barrier reef complex fringed the margin until the 

mid-Cretaceous (Poag, 1985). Accumulation rates were generally low during the Late 

Cretaceous to Paleogene siliciclastic and carbonate deposition (Poag, 1985). A major switch 

from carbonate ramp deposition to starved siliciclastic sedimentation occurred in the late 

middle Eocene onshore to earliest Oligocene in response to global and regional cooling (Miller 

and Snyder, 1997). Sedimentation rates increased dramatically in the late Oligocene to 

Miocene (Poag, 1985; Miller and Snyder, 1997), and thus a sedimentary prism comprising 

multiple clinothems was established above a wide and deep low-gradient shelf, with the 

continental shelf-edge break fUrther seaward. The intrashelf sedimentary prism reached the 

shelf-edge break in the late Miocene. 

 

Figure 8-1. The New Jersey continental margin showing Holes M0027A, M0028A, and M0029A along 
with other previous completed boreholes both onshore and offshore (after Mountain et al., 2010). 
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8.2. The IODP Expedition 313 

Three research boreholes were collected in Expedition 313 using the L/B Kayd (M27, M28, 

M29) along a dip transect that runs parallel with 2D seismic line Ew9009 line 1003 (Figure 8-2). 

IODP Expedition 313 targeted lower-middle Miocene sequences (unconformity bounded units) 

buried beneath the modern inner-middle continental shelf. Expedition 313 built on previous 

drilling programs into the New Jersey slope (ODP Sites 902–904 and 1073) and the Coastal 

Plain (Island Beach, Atlantic City, Cape May, Bass River, Ancora, Ocean View, Bethany Beach, 

Millvile, Fort Mott, Sea Girt, and Cape May Zoo; ODP Legs 150X and 174AX) has provided a 

chronology for sea level events over the past 100 m.y. (Miller et al., 1996a, 1998, 2005). 

 

Figure 8-2. Ew9009 line [A] 1003 through Holes M0027A, M0028A, and M0029A (yellow sub-seafloor 
columns). The clinoform shape of sediments bracketed by the coloured unconformities is thought to be 
the result of large sea-level fluctuations (Vail and Mitchum, 1977) and [B] high resolution seismic image 

A 

B 
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of the Oligocene to upper Neogene strata, containing the Miocene clinoforms targeted in the IODP Exp. 
313 (see location along the shelf margin in the red square). After Mountain et al. (2010).  

 

Sequence boundaries are recognized by their geometries on seismic reflection profiles by 

onlap, erosional truncation, downlap, and toplap (Monteverde et al., 2008: Mountain et al., 

2010). Sixteen lower to middle Miocene sequence boundaries were recognized on seismic and 

correlated to the Expedition 313 sites using a velocity-depth function (Mountain et al., 2010) 

(Figure 8-3).  Sequences are named according to their basal reflector boundary; in a way that 

sequence m5.2 lies on reflector m5.2. Seismic sequence boundaries from older datasets were 

traced and loop correlated throughout the CH0698 grid (Monteverde et al., 2008; Monteverde, 

2008).  In addition, several additional lower Miocene sequence boundaries were identified that 

lie between these reflectors and are named m5.8, m5.7, m5.5, m5.47, m5.45 and m5.3 

(Monteverde et al., 2008; Monteverde, 2008; Mountain et al., 2010).  The stratal significance 

of reflectors between m5 and m4 (reflectors m4.5, m4.4, m4.3, and m4.2) has been assessed 

during Exp 313. Mountain et al. (2010) re-examined the dataset and recognized that m4.2 and 

m4.5 display evidences to be considered sequence boundaries. Miller et al. (2013b) interpret 

m4.3 and m4.4 as likely sequence boundaries, and that reflector m4.1 is either a transgressive 

surface and/or sequence boundary. Seismically interpreted sequence boundaries correlate 

well with sequence boundaries recognized on the basis of physical stratigraphy and 

sedimentological character in the Expedition 313 cores (Mountain et al., 2010). This indicates 

that impedance contrasts across changes in stratal patterns are indicative of sequence 

boundary locations (Miller et al., 2013b), and that THE cause of the sequence boundaries is 

generally inferred from allogenically-driven changes in  sea level changes, due to waxing and 

waning ice sheets in Antarctica. 

 

8.3. Seismic architecture and clinoform trajectory analysis 

The analysis of clinoform trajectory is an observation-based approach to the interpretation of 

stratigraphic successions at basin margins (Henriksen et al., 2009, 2011) (see Introduction 

Chapter), and considers the interaction of glacio-eustacy, subsidence/uplift, and sediment 

supply as controls on the depositional architecture of basin margins (Steel et al., 2008). This 

descriptive approach of the seismic architecture can be placed into a dynamic context without 

an emphasis on nomenclature and models that assume the controls on sequence formation 

(Helland-Hansen and Hampson 2009). Nonetheless, the strata patterns preserved from these 

constantly evolving systems support sequence stratigraphy as a key tool in the analysis of 

stratigraphic systems.  
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However, there are several issues to consider when taking this objective approach, which 

include: (i) the consistent use of reference points and datums, (ii) the impact of post-

depositional compaction on original stratal architecture and absolute measures of gradients, 

(iii) the lateral variability in strata patterns and obliquity of the transect to the clinoform 

migration direction, (iv) the degradation of clinothem rollovers by subaerial or submarine 

erosional processes, and (v) the integration of sedimentary facies and architecture to 

understand the process response to basin-margin evolution. 

The clinoform rollover position was identified on each key seismic reflector (Figure 8-4). As the 

clinoform rollover is not really a point but a zone of seaward gradient increase (Jones et al., 

2013a) it is important that the same procedure for identification is followed. Here, the first 

‘major change’ in gradient was used (Wear et al., 1974; Southard and Stanley 1976; Stanley 

and Wear, 1978), which is subjective but pragmatic given the tie to a 2D seismic line. More 

elaborate methods can be employed using seabed bathymetry and high resolution 3D seismic 

data (e.g., O’Grady et al., 2000; Olariu and Steel 2009). 

In addition, the base-of-slope break-in-slope was also identified. This is a more challenging 

"point" to pick as commonly the zone of seaward decrease in gradient at the base of the 

clinoform slope is gradual. Again, however, the first "major" change was used. Picking both 

major breaks in slope allowed the trajectory of two parts of each clinoform to be considered 

and compared, and changes in clinoform slope length to be assessed (foresets, see below).   

The overall pattern of Miocene clinothem rollover trajectories is relatively simple (Figure 8-4). 

In summary, there is an initial set of clinoforms with a flat trajectory from reflectors m5.8 – 

m5.3 (c. 20.4-15.6Ma, aprox. Burdigalian), with some weak rising or weak falling trajectories 

between clinothems. The clinoform rollover trajectory changes to a strong rising trajectory 

from m5.3 to m4R4 (c. 15.6-13.2 Ma, aprox. Langhian; Browning et al., 2013), followed by a 

falling trajectory from m4R4 to m4R1 (c. 13.2-12.5Ma, aprox. Serravallian; Browning et al., 

2013).  

The trajectory angle can be estimated using the seismic line and the depths constrained from 

the cores, however, these figures are from compacted stratigraphy (Figure 8-5), so absolute 

figures at the time of deposition are not calculate, but the relative differences do show the 

marked changes in trajectory. In the region of flat trajectory, the angle between successive 

clinoform rollovers ranges from -0.37° to 1.11°. In the region of rising trajectory, the angle 

between clinoform rollovers varies from 13.2° to 90° degrees. The angle between successive 

clinoform rollovers in the falling trajectory region ranges from -0.65°-0.31° (see Table 8-1).  
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The trajectory of the break-in-slope at the base-of-slope largely mimics the trends observed in 

the clinoform rollover. Initially, there is a flat to falling trajectory, indicating a lengthening of 

the clinoform slope, then a rising trajectory, albeit less pronounced that the time equivalent 

steep rise of the clinoform rollover, followed by a falling trajectory. Overall, the clinoform 

slope lengthens (from aprox. 2-3km to 10 km) and shallows (from >2-3° to <1.5°) through the 

studied interval (Table 8-1). Nevertheless, there are local complications to this general pattern 

of strong progradation with thin topsets followed by strong aggradation with thick topsets. 

 

 

 

Figure 8-5. Averaged shapes used for the detailed study of geometries and trajectories. Trajectories, 
lenghts and angles have been measured for the topset, foreset and bottomset of each clinoform. From 

Poyatos-Moré and Hodgson, 2012. 
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8.4. Sedimentology and depositional environments 

The full range of sedimentary facies and their interpreted depositional environments from 

analysis of the three coreholes has been described in detail by other authors (Mountain et al., 

2010; Proust et al., in preparation). Here, the focus is on the range of sedimentary facies 

associations found close to clinoform rollover positions, on the clinoform slope, and in toe-of-

slope positions that can be interpreted in terms of depositional environments.  

 

 

Figure 8-6. Diagram of main environments of deposition interpreted from facies descriptions 
used during Expedition 313. Diagram shows more storm/wave–dominated coastal systems to 

the left and more river-dominated coastal systems to the right.Arrows indicate dominant 
direction and relative magnitude of sediment transport. MFWWB = mean fairweather wave 

base, SWWB = storm weather wave base. After Mountain et al., 2010. 
 

8.4.1. Landward of the clinoform rollover (topset deposits) 

Large parts of the stratigraphic succession that lie landward of clinoform rollovers (topset 

deposits) and that form thick parts of clinoform prisms are consistent with characteristics of 

wave-dominated shoreline facies models (Reineck and Singh, 1972; Harms et al., 1975, 1982; 

McCubbin, 1982; Browning et al., 2006), as might be expected from an open ocean-facing 

shallow-marine system. 

Two thick wave-dominated shoreline successions that coarsen- and thicken-upward from 

offshore to shoreface deposits were identified in M27 (175 to 465 m) and M28 (225 to 500m). 
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Environments above mean fairweather wave base (MFWWB) are termed shoreface and 

environments below mean storm wave base (MSWB) are termed offshore, with intermediary 

environments termed the shoreface–offshore transition (SOT) zone. Locally, there are large 

amounts of allochthonous plant debris, micaceous sand, and current ripples (unidirectional 

flows), which indicate the presence of a mixed fluvial/wave-influenced system (e.g., 

Bhattacharya and Walker, 1992) (Figure 8-6). In summary, the key sedimentary facies 

characteristics of wave-dominated shoreline systems and the mixed fluvial/wave-influenced 

systems can be summarized as: 

 

• Proximal shoreface/foreshore 

Clean quartz-rich fine to coarse sand, with cross-bedding and low angle laminae with low-

angle truncation (Figure 8-7), indicating migration of bedforms; mostly representing 

proximal shoreface, due to poor preservation of foreshore deposits. 

 
 

 

 

 

 

 

 

 

 

Figure 8-7. Core examples of 
proximal shoreface/foreshore 
deposits. [A] Very fine silty sand, 
with high-angle cross-bedding, 
indicating bedform migration in 
a shoreface setting (interval 313-
M0029A-110R-2, 50-80 cm). [B] 
Representative facies of a 
shoreface/foreshore setting, 
with well-sorted medium-
grained sand, with cross-
bedding, highlighted by dark 
finer grains (Unit VI; 313-
M0027A-135R-1, 33–53 cm). 
From Mountain et al., (2010). 

 A 
B 
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• Shoreface 

Quartz-rich fine to medium sand, well sorted with rare to absent silt, rare low-angle cross-

beds (swaley cross stratification [SCS] and hummocky cross stratification [HCS]), and rare 

symmetrical ripple laminae (oscillatory flow) (Figure 8-8). Physical structures tend to be 

obscured by moderate to heavy bioturbation (mostly from Skolithos ichnofacies). Thick-

walled shell fragments occur. River-influenced and river-dominated shoreface deposits are 

interbedded with fine and very fine sand and contain a significant component of plant 

debris and micaceous sand.  

 

 

Figure 8-8. Examples of shoreface 
deposits. [A] Core photograph of 
coarse sand with shell and 
echinoid fragments interpreted as 
a shoreface deposit (Unit I; 
interval 313-M0027A-4H-2, 80–90 
cm). [B]. Core photograph of silt 
with organic matter and thin 
shells abruptly overlying silty 
medium sand with common 
glauconite grains and gastropod 
shells (85 cm), which in turn 
overlies chaotically arranged thick 
shells (Unit III; 313-M0027A-89R-
2, 80–102 cm). The contact is 
interpreted to be a flooding 
surface, with an offshore setting 
abruptly overlying a shoreface to 
shoreface–offshore transition 
setting. From Mountain et al., 
(2010). 

 

• Shoreface–offshore transition (SOT) 

Commonly, the SOT contains discrete sharp-based normally graded sand beds with clean-

sand bases, fragmented shell layers, convex-upward laminae (HCS), and symmetrical-ripple 

lamination, which show characteristics of combined-flow storm deposits (Aigner, 1982). 

River-influenced and river-dominated SOT deposits are rich in plant debris and micaceous 

sand. Intercalated sharp-based normally and/or inversely graded sand beds with cross-

lamination, sub-parallel lamination, and occasional mud clasts are interpreted to indicate 

episodic influx of coarse sediments from river flood events. Locally, units are intensely 

bioturbated and can be shell rich (Figure 8-9).  

A B 
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Figure 8-9. Examples of deposits from shoreface-offshore transition settings. [A] Core photograph of 
sharp-based normally graded fine sand beds with low-angle to convex-up lamination interbedded with 

silty sand (34–38 cm) (Unit III; 313-M0027A-96R-1, 22–39 cm). Facies association is interpreted as storm 
deposits in a wave/storm–dominated shoreface–offshore transition setting. [B] Core photograph of 

abrupt boundary between poorly sorted coarse sand with thick shells above and clayey silt with 
dispersed terrestrial organic matter below (at 105 cm) (Unit III; 313-M0027A-102R-2, 95–115 cm). 
Surface is bioturbated with burrows filled by coarse sand and marks an abrupt shallowing from an 

offshore/prodelta setting to shoreface. Surface separates lithostratigraphic Units III and IV. [C] Core 
photograph of ripple cross-laminated fine sand above a scour surface that cuts into brown sandy silt in 

an interpreted river-influenced shoreface–offshore transition setting (Unit IV; 313-M0027A-107R-2, 22–
30 cm). From Mountain et al., (2010). 

 

• Offshore 

Dominantly silty clay and clayey silt with thinly laminated silt beds deposited below the 

storm wave base. Benthic foraminifers and thin-walled (articulated) shells are common. 

River-influenced and river-dominated offshore deposits are silty, contain visible plant 

debris and mica with rare graded very fine sand beds, and share characteristics with distal 

prodelta environments (Figure 8-10). ‘Deep’ offshore silty clays and clayey silts are also 

present in bottomsets. Here dark brown to tan colored nannofossil-bearing silty clay to 

clayey silt with common sand and silt lamination with abundant mica and plant debris, 

sponge spicules and diatoms and micro-laminated clay-rich layers. The sediment is parallel 

A B C 



Chapter 8                                                                                 Other deltaic studies in different settings 

222 

 

and ripple laminated, where sandier beds show gradational boundaries and are commonly 

normally graded and locally inversely graded at their base (interpreted hyperpycnal river 

flood origin, see Introduction). Bioturbation (Teichichnus or Taenidium) can obscure 

original stratification, but is also absent suggesting periods with dysoxic bottom water 

conditions. Common pre-compactional carbonate concretions are also present. 

Figure 8-10. Core examples of offshore setting deposits. [A] Core photograph of a sharp-based fine sand 
bed that is reverse then normally graded, which may indicate a river flood event in a prodelta 

environment (Unit VI; 313-M0027A-148R-1, 130–137 cm). [B] Core photograph of a bed-parallel 
meniscate backfilled burrow (90–91 cm) in interbeds of clay, silt, and very fine grained sand in Unit VI 
(interval 313-M0028A-154R-1, 87–95 cm). Burrow is identified as Taenidium. [C]. Core photograph of 

alternating laminated and bioturbated horizons that characterize Unit VI (Taenidium at 80 cm) (interval 
313-M0028A-166R-2, 77–108 cm). Interlaminated clay and silt includes normally graded very fine sand 

rich in terrestrial organic matter and mica, interpreted as having been deposited in an offshore or 
prodeltaic environment. Small carbonate concretions are present at 82, 84, and 91 cm. [D] 

Photomicrograph of sandy silt with glauconite, mica, sponge spicules, diatom fragments, and framboidal 
pyrite (Sample 313-M0028A-169R-1, 142 cm). Field of view = 0.7 mm. From Mountain et al., (2010). 

 

A B C 

D 
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8.4.2. Clinoform rollover deposits 

Coarse-grained deposits encountered at clinoform rollover positions, clinoform slopes, and 

toe-of-slope settings that do not conform to the wave-dominated shoreline systems and the 

mixed fluvial/wave-influenced systems outlined above are described below (Figure 8-11). 

 

 

Figure 8-11.Conceptual model used during Expedition 313 to account for the regular occurrence of 
coarse sand and gravels that are commonly poorly sorted, stratified, and glauconite rich. Multiple 

channels and/or regressive shorefaces at the rollover erode into and entrain older topset deposits. 
These sediments are remobilized down the clinoform slope via debris flows and turbidity currents to 

form apron or coalesced fans at the toe of slope. NJ = New Jersey. Modified after Mountain et al. (2010). 

 

 Description 

Commonly, coarse-clastic deposits at rollover positions comprise poorly sorted, weakly 

graded, muddy sand and gravel with mud clasts, complete benthic foraminifers, and large 

shell fragments interbedded with bioturbated mud. The coarse-grained deposits 

commonly contain a significant glaunconitic component as well as quartz and extrabasinal 

lithic fragments. Clasts are commonly sub-angular to angular gravels and pebbles with a 

range of extrabasinal lithologies. Mud pebbles exhibit an internal bioturbation fabric 

identical to the surrounding sediment (Figure 8-12). These deposits are in distinct contrast 

to the well sorted quartz-rich shoreface sands, which they commonly abruptly overlie. 
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 Interpretation 

The coarse-grained nature indicates an episodically high energy 

setting. Rounded mud clasts that have a bioturbated fabric are 

interpreted as intraclasts entrained from the local substrate. 

Angular clasts indicate high-energy coarse-grained sediment 

supply with a short transport history, although the lithic 

component indicates a long transport distance. The glauconitic 

component is likely entrained from proximal areas like estuaries 

and deeper parts of the shelf, or from erosion of older 

stratigraphic units. These deposits may represent gulleys 

eroding into the underlying clinothems, and filled with 

concentrated density currents. Although it is not clear whether 

these rollover deposits were deposited in a submarine or 

subaerial setting, they are interpreted to have been active 

during periods of fluvial transport and erosion over large areas 

on topsets. 

 

Figure 8-12. Core photograph of a rollover deposit with poorly sorted 
glauconitic (30%) coarse sandstone with numerous dispersed 
subangular quartz and lithic granules (2%–3%), rounded clay clasts 
(68–70 cm), and heavily bioturbated fabric (interval 313-M0028A-41R-
1, 50–96 cm). From Mountain et al., (2010). 

 

8.4.3. Coarse-grained clastic deposits at clinoform slope and toe-of-slope positions 

• Description 

Two broad types of coarse clastic deposits are located in lower foreset and bottomset 

positions: (1) normally graded, moderately sorted, and cross-stratified (dm-scale) medium 

and coarse sands, which locally form inclined meter-thick bedsets, and (2) ungraded, 

poorly sorted, poorly stratified muddy sand with floating granules, articulated thin-walled 

shells, and pristine benthic foraminifers, supported by a finer grained matrix. Interbedded 

clay laminae record background conditions. Typically, the coarse siliciclastic lower foreset 

and bottomset deposits are either glauconitic quartz sands and gravels, or glauconite-

dominated sands. Commonly, quartz and lithic granules are sub-rounded to sub-angular, 

although the full range of well-rounded to angular granules is observed. Packages of 

coarse-grained deposits commonly overlie packages nannofossil-bearing silty clay to clayey 
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silt with common sand and silt lamination with abundant mica and plant debris, sponge 

spicules and diatoms and micro-laminated clay-rich layers. The contact is typically abrupt 

and marked by a deeply burrowed surface (Figure 8-13). 

 

 

Figure 8-13. Examples of clinoform slope and base-of-slope deposits. [A] Core photograph of normal 
grading in very coarse to fine glauconite sand bed (interval 313-M0028A-118R-2, 45–76 cm). Bed with 
normal grading from 65 to 55 cm is interpreted as turbidite. [B] Cross-bedded medium-grained sand, 

moderately-sorted, with presence of glauconite and clay-rich internal laminations, where angle of cross-
beds progressively increases, interpreted as a characteristic of the original bedform (interval 313-

M0028A-118R-1, 45–85 cm). [C]. Core photograph of a 40 cm thick sharp-based, normally graded bed 
that coarsens down from poorly sorted coarse sand at the top to gravely sand at the base (interval 313-
M0029A-79R-2, 50–92 cm). See also numerous gastropods, bivalves, and shell fragments. Deposits are 
part of a larger package of sediment interpreted as sediment gravity flow of coarse material into deep 

quiet waters possibly shed from upslope rollover positions during periods of relative sea level lowering. 
From Mountain et al., (2010). 

A B C 
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• Interpretation 

Normally graded and cross-stratified sands and gravels are interpreted as deposits from 

high concentration turbidity currents. The inclined m-thick bedsets suggest formation and 

migration of dune-scale bedforms, which were likely confined to a channelized setting. 

Poorly sorted and stratified muddy sands are interpreted as debrites. Randomly 

distributed articulated shells and benthic foraminfera in muddy sands are persuasive 

indicators of the emplacement of highly cohesive flows with little internal turbulence. 

Rounded intraformational mud clasts record upslope erosion and entrainment. In 

summary, coarse-grained sediments in lower foreset and bottomset positions comprise 

high concentration sediment gravity flow deposits. 

 

8.5. Stratigraphic distribution of poorly-sorted rollovers and coarse-grained bottomsets 

In order to better understand the distribution of poorly-sorted rollover deposits and coarse-

grained toe-of-slopes along the shelf margin profile in general, and along different portions 

within the same clinothem in particular, a detailed study has been performed to know first of 

all in which clinothems these deposits are found by looking at the core recovery and 

descriptions. Then, deposits have been interpreted in terms of sedimentary processes that 

might have occurred during their deposition (either at the shoreline or rollover positions). 

Once this type of deposits were well located within the clinoform succession, and processes 

related with their formation well understood, it has been necessary to look at the sediment 

distribution in positions landwards and seawards, and compare different examples from other 

clinothems to  establish differences and coincidences among them.   

In the New Jersey margin, poorly-sorted clinoform rollover deposits appear in several 

examples of clinothems (m5, m5.3, m5.6, m5.7, also in m5.45, see Figure 8-15 and Table 8-2) 

and they almost always coincide with glauconitic coarse-grained bottomsets at the base-of-

slope regions of those units, showing a direct relationship between process occurring in the 

clinoform rollover region and sediment delivery basinward. They differ pretty much from the 

most common type of deposits related with wave-dominated systems, and since they conform 

the feeding sources for the sandy systems beyond the bottomsets, they should be analyzed 

separately, in order to understand the processes that drive them and also their lateral 

relationships updip and downdip, as well as the main differences among similar clinothems 

(Table 8-2). 
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8.5.1. Clinothem m5.7  

Cores recovered in the site M0027 indicates a rollover setting with river-dominated shoreface 

deposits, composed by quartz-rich coarse to medium sand with non-organic detrital grains, as 

well as wood and shell debris, sometimes presenting high bioturbation rates by Cylindricnus 

(concentrally backfilled burrows). Same clinothem presents typical features for proximal 

bottomset settings some km’s downdip in the site M0028. Here, sediments from 5.7 unit were 

deposited in an apron-setting from high-concentrated gravity flows with coarse material 

eroded from updip positions (topset and/or rollover). They are mainly medium and fine sand, 

with mica, plant debris and shell fragments and foraminifera, with some granules and 

glauconitic medium quartz, more glauconitic and bioturbated (Thalassinoides and 

Ophiomorpha) towards the base. The upper part of 5.7 deposits on its upper bottomset in site 

M0028 is generally poorly-sorted medium to coarse sand, with relatively important glauconite 

variations (7-20%) and granules (1-5%), interbedded with steeply dipping silts and siltstones, 

being the latter more glauconitic towards the top. Some beds present weak normal grading 

suggesting a partial transformation of debris flows into turbidity currents, and the general 

poor sorting could be attributed to mixing through bioturbation and/or cohesive debris flow 

deposition. In the site M0029, clinothem 5.7 deposits display an overall thinning-up sequence 

from muddy medium sand with clay laminae and normal grading in relatively thin beds (2-5 

cm), deposited from the downslope sediment gravity flows into graded turbidites, to poorly-

sorted sand beds interbedded with sandy silts, with weak normal gradation, rare ripple-scale 

cross-laminations, and different types of glauconite grains (subangular, pale green, dark green) 

interpreted as offshore deposits with some normally graded beds indicating transport of clastic 

sediment via turbidity currents. 

 

8.5.2. Clinothem m5.6 

There is a lack of cores from site M0027 since clinothem 5.6 appears to be eroded by 

subsequent units, so the first recovery of this clinothem is on site M0028, where it appears as 

unlithified glauconitic sand. The amount of glauconite increases from base (5-10%) to top (up 

to 30%), and lithology remains medium to coarse sand, with dispersed quartz granules, 

concentrations of pebbles up to 15%, and commonly show a weak normal grading in beds. 

These poorly-sorted sediments are interpreted as high concentration flow deposits or coarse 

material eroded from updip positions, and then re-deposited at the proximal bottomset of a 

clinoform in an apron setting, with a partial transformation of debris flows into turbidity 



Chapter 8                                                                                 Other deltaic studies in different settings 

231 

 

currents as suggest by the normal grading in some of the beds. 10 km further downdip, in the 

site M0029, clinothem 5.6 deposits show deposition in a distal bottomset setting, with 

glauconitic sandy silts and glauconite sand and sandstones with 5% of quartz, including floating 

quartz granules. Glauconite granules are pale green (immature) or dark green (mature). Quartz 

content increases towards the top, whereas grain size abruptly increases from siltstone to 

quartzose fine sand in the lower part, with interbeds of fine sand and silt with ripple cross-

lamination. The upper part is mainly made by beds of glauconite sandy mud and muddy sand 

with no quartz grains, with some erosion surfaces, passing to silty clay with glauconitic and 

quartz sand-filled burrows, benthic foraminifera, thin-walled shells and traces of mica and 

plant debris. Clinothem 5.6 silty glauconite sands in site M0029 are interpreted as series of 

distal debrites in an apron system seaward of the toe-of-slope, whereas silty clays deposited in 

a deep offshore setting, with in situ glauconite. Glauconite concentrations may represent 

submarine fan/apron deposits that were remobilized down the clinoform slope from source 

areas with no quartz.      

 

8.5.3. Clinothem m5.3 

Clinothem 5.3 probably represents the best example of river-dominated conditions on 

sedimentation along a clinoform depositional profile, since it displays a starved topset 

accumulation passing to a thick and coarse-grained bottomset through a poorly-sorted gully-fill 

succession located on the rollover (Figure 8-16). Topset deposits of clinothem 5.3 were cored 

in the site M0027, with clay interbedded with faint laminations (weak concentrations of plant 

debris) and some calcilutites, suggesting no deposition during high-energy periods (pure by-

pass) and fallout and minor reworking of silt and very fine sand updip during a subsequent 

periods. Conditions change completely when looking at the core recovery of the clinoform 

rollover in the site M0028, were clinothem 5.3 displays a coarsening-up sequence, with 

moderately-sorted coarse sand and bioturbated silty sandstones passing to poorly-sorted 

coarse quartz sand, muddy and with common quartz and lithic granules (sub-angular, but also 

rounded with a bioturbated fabric). The succession shows an overall poor sorting, high 

bioturbation rates (increasing towards the top, where glauconite-filled and pyritized burrows 

can be recognized) and glauconite variations from 1-20% to 40% (from base to top). Plenty of 

shell fragments and some scour surfaces are also found, and profusion of weak normal grading 

and gravel layers on top.  Granules and pebbles increase upwards (2-3% to 5-10%), and are 

dominantly quartz, but also quartzite and metasedimentary clasts. 
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All these features allow considering the clinothem 5.3 rollover deposits as river-dominated 

gully-fill facies, or part of steep small deltas, with a downslope reworking of previous clinoform 

topsets. Intraclasts were entrained from the substrate by waning sediment gravity flows, 

whose source for extra-basinal material might come either from the hinterland or from older 

deposits. Site M0029 recovered part of the toe-of-slope of clinothem 5.3, consisting on 

bioturbated glauconite bearing silt, interbedded with poorly sorted glauconitic medium to 

coarse sand, with variable cementation, and fragmented coarse glauconite sands (from 5% to 

30-40%). This interval passes upward into muddy glauconite sands, with scattered shell 

fragments and quartz granules, and no mica or plant debris. Some beds present thin-walled 

shells and sub-parallel to cross-lamination, and also cross-cutting patterns. Granules become 

increasingly well rounded towards the base. Very coarse sand grains and granules floating in 

silt in m5.3 bottomsets suggest deposition from debris flows, which might be thin as high 

bioturbation in several level suggests. Preservation of thin-walled shells upward indicates 

deposition by cohesive laminar flow deposits (debrites). Cross-cutting in weakly normal graded 

beds may indicate dewatering of turbidites. Glauconite appears in pulses, and there are few 

sedimentary structures preserved at the base of succession, suggesting multiple sediment 

gravity flows in a toe-of-slope apron. The succession increases in mud content and 

preservation of structures so a progressive abandonment of downslope transport may be 

inferred. 

 

8.5.4. Clinothem m5 

Site M0027 shows a topset made by sharply-based very coarse sand and/or granules fining-up 

cycle (5-10 m), interpreted as part of a transgressive shoreface to SOT and offshore 

environments, in incomplete depositional units missing regressive facies, presumably 

subsequently eroded. In site M0028, clinothem m5 rollover deposits consist on weakly-graded 

and bioturbated gravel-rich sandstone with complete benthic foraminifera, in an abrupt 

contact with a micaceous silty fine sand that coarsens up abruptly to medium sand, then to 

well/moderately sorted quartz-rich coarse sand, and finally to poorly sorted coarse sand with 

isolated granules. This last interval has an abrupt contact with a clayey silt above, with rare 

beds of very fine sand with scoured bases and ripple cross-laminae. Plant debris and scattered 

shells are common thoughout, with burrows filled by coarse sand and gravel. The presence of 

isolated quartz granules and pebbles in clinothem m5 around site M0028 implies a component 

of downslope transport, poorly-sorted sediments containing well-preserved foraminifera are 

interpreted as high concentration sediment gravity flow deposits (debrites) close to or within a 
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channelized environment in a clinoform rollover position. The succession fines abruptly 

towards the top to a silty sand, interpreted as a SOT environment, and then coarsens, 

indicating a shallowing to the shoreface. Lower foreset to toe-of-slope settings in the site 

M0029 are indicated by two irregular coarsening-up packages of clayey silt that coarsens to 

poorly-sorted medium sand with coarse to very coarse grains. The first one contains a variety 

of sedimentary structures, including parallel and cross-lamination, and possibly also ripple 

lamination, as well as contorted and convolute lamination. In the second one sharp-based 

erosive beds are found that grade normally to sandy silts, commonly with parallel and cross-

lamination and plant debris to the top. The poorly sorted but well-stratified nature of the 

sediments and lack of storm-related sedimentary structures suggest sedimentation below the 

mean storm wave base. Normal grading cross-stratification style suggest rapid deposition by 

turbidity currents in a clinoform slope, with sediment gravity flows building submarine 

channels or an intraslope apron. 

 

8.6. Testing the model: process regime vs clinoform trajectory 

Taking the core recovering of the M0027, M0028 and M0029 holes (Figure 8-17), the position 

of the main clinoforms and boundaries from the seismic interpretation was used to build a 

general frame for a highly-detailed correlation panel (Figure 8-18).  

 

Figure 8-17. Graphic showing the core recovery of M0027, M0028 and M0029 holes, with the position of 
the main clinoforms and boundaries used as the framework to build the detailed correlation panel. 

From Poyatos-Moré and Hodgson (2012). 
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Once a detailed correlation was established between the different wells, clinothems 

containing sandy bottomsets were checked and reviewed, together with the analysis of 

processes acting at their rollovers, to compare results with those obtained or expected from 

the trajectory and shape calculation (see text above). The results of comparing different 

clinothems in cores, with the dominant process regime in the rollover positions and the 

presence of sandy bottomsets in the base-of-slope are shown in Table 8-3. 

 

 

Table 8-3. Table summarizing clinoform shapes, dominant processes in the rollover and type of deposits 
at the bottomsets. After Poyatos-Moré and Hodgson (2012). 

  

There are no evidences of a direct correlation between clinoform trajectory type and shape 

and occurrence of sandy bottomsets. Instead of this, there is a direct relationship between the 

type of dominant process regime operating in the rollover and the presence of coarse-grained 

sediments beyond the foreset (see yellow boxes in Table 8-3).  

 

A 
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Figure 8-19. [A] Trajectory of clinoform rollovers from the New Jersey margin highlighting those foresets 
and bottomsets that the prediction model would expect to contain coarse-grained facies beyond the 

shelf-break, related to flat-to-falling trajectories. [B] Bottomsets that really contain coarse-grained facies 
beyond the shelf-break after the detailed study of facies and processes from cores, showing a clear no 

correlation with the model of clinoform trajectory prediction. 

 

Figure 8-19 shows a contrast between the “likely predicted” sandy bottomsets according to 

flat to falling clinoform trajectories that would be expected from models proposed by some 

authors (e.g., Helland-Hansen and Hampson, 2009; Henriksen et al., 2009, 2011; see 

Introduction) (Figure 8-19A), and the results of the study carried out in these notes (Figure 8-

19B). As a first approach, the presence of sandy bottomsets clearly differs from the prediction, 

being more complex, and thus some clinothems containing sand beyond the foreset are 

related with rising trajectories, and some muddy bottomsets are related with flat to falling 

rollovers.  

 

8.7. Wave- vs River-dominated clinothems 

After the data shown in Table 8-3, it is therefore suggested that process regime rather than 

clinoform trajectory can be directly linked to the delivery of sand beyond the clinoform 

rollover in the New Jersey margin. Therefore, a further step can be taken and a more complete 

plot could be considered, defining the New Jersey margin by different types of clinothems in 

terms of their dominant process regime at the clinoform rollover and the directly associated 

presence or absence of coarse-grained material in the toe-of-slopes (Figure 8-20).  

B 
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Figure 8-20. New Jersey margin clinothem types showing a direct relationship between presence of 
coarse-grained facies beyond the shelf-break and dominant process regime around the rollover region. 

After Poyatos-Moré and Hodgson (2012). 
 

8.8. The effects of spatial margin variability: the Permian Waterford Formation 

One of the issues to consider in the analysis of clinoform trajectory is the lateral variability in 

strata patterns and obliquity of the available sections with respect to the clinoform migration 

direction. The Waterford Fm (Permian Ecca Group, Laingsburg area, South Africa), with an up 

to 900 m-thick succession, offers outstanding laterally-continuous exposures along the flanks 

of a series of post-depositional E-W trending anticlines and synclines, arranged parallel to the 

main depositional direction (dip sections) (Figure 8-21). Logged sections have been correlated 

by walking different flooding surfaces taken as key levels among parasequences, along the very 

well-exposed flanks of W-E-trending folds in a 33 km-long outcropping area (Jones et al., 

2013a) (Figures 8-22 and 8-23). This has allowed quantifying lateral facies changes while 

moving downslope, as well as thicknesses, and interpreting depositional environments. 

Stacked coarsening and thickening-upward cycles of the lower Waterford Fm (WfC 1 to 8) have 

typical thicknesses of 10-50 m, and are characterized by series of soft-sediment deformation 

elements (debrites, slumped layers and slide deposits) covered by sharp-based sandstones 

with HCS and current ripples, indicating a mixed influence in the shoreline (Figure 8-24). The 

upper part of the Waterford Fm includes alternations of 5-15 m-thick massive siltstone to thick 
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sandstones units, with sharp base and top, with minor soft-sediment deformation. Divisions 

observed are interpreted as different wide depositional settings, representing an overall 

vertical transition from prodelta to stable shelf deposits, through a highly-unstable shelf-

margin delta (Figure 8-25). Internal geometries of individual cycles reveal clinoform geometries 

in an intrashelf scale. Correlation of multiple sedimentary cycles shows basin-margin scale 

clinoform geometries.  

 

Figure 8-22. [A-B] Location map of the study area in the Laingsburg depocentre, Karoo Basin, South 
Africa. [C] Outcrop belt of the Waterford Formation showing the three dip profiles (from Jones, 2013). 

 

8.8.1. Dip (2D) variability 

The differences between clinothems WfC 3 and 4 highlight the great variability of process 

regime operating at the shelf margin, which can be observed among successive clinothems 

(Figure 8-23). Both units show an overall progradational stacking pattern and similar thickness. 

However, WfC 3 is characterized by a strong influence of river-dominated processes and 

pronounced intra-shelf geometries (section N1, see Jones et al., 2013a). Conversely, facies and 

geometries of WfC 4 indicate a delta front setting dominated by wave and storm processes. 

Along the rollover region, in the Blockhouse locality (see location in Figure 8-23B), both cycles 

show quite different dominating processes, in response to the pre-existing shelf margin (Figure 

8-24). Amalgamated sandstones on top of WfC 3 are heavily deformed and separated by a 

series of extensional wedges consistent with a gradient increase close to the shelf edge (Jones 

et al., 2013a).  
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Figure 8-24. Schematic diagram summarizing the key criteria to identify the rollover location in outcrop, 
and the different responses of Waterford clinothem (WfC) 3 and 4 to increasing gradient at the shelf 

edge rollover. Individual clinothems are vertically separated for clarity. See text for details. From Jones 
et al. (2013b).  

 

Meanwhile, although deformation is still present along the rollover region of WfC 4, there is no 

development of any syn-sedimentary tectonic structure. WfC 3 has a transitional top surface, 

whilst the top of WfC 4 is sharp and locally highly erosive, with presence of conducts or 

shallow gullies. Apart from what has been interpreted as the shelf margin zone, WfC 3 thins 

and wedges out passing to a fine-grained slope succession, whilst the WfC 4 thickens beyond 

the rollover region, associated with a depositional change towards extensive turbidite 

deposits. WfC 4 turbidites are subsequently truncated by an upper slope channel incision. 

These features would be consistent with an increase of sediment supply beyond an incised 

shelf edge. Finally, WfC 4 also wedges out until disappearing into a slope muddy succession, 

although in this case in further positions basinward, 10 km away from the point where WfC 3 

becomes impossible to recognize. 

 

8.8.2. Clinoform trajectory variability     

The application of the method of clinoform trajectory analysis in low gradient outcrop-based 

examples (Wild et al., 2009; Jones et al., 2013a) where the angular relationships between shelf 

and slope are less apparent than in short and high-gradient settings, can be highly demanding. 

For this reason, other parameters must be considered, and typical features of the shelf margin 

should be used as diagnostic criteria to recognize the rollover zone (Figure 8-24), including:  
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Figure 8-25. Representative photographs of the facies associations typical of the coarsening and 
thickening-upward parasequences of the lower Waterford Formation, after Jones (2013). [A] Offshore 

mudstone; [B] Shoreface-offshore transition (SOT); [C] Deformed deposits (including remobilized and in-
situ strata); [D] Lower shoreface; [E] Upper slope turbidites; [F] Amalgamated, climbing rippe-dominated 

sandstones (distal mouth-bar).   
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 the confinement of in-situ deformation in the shelf 

 large-scale widespread deformation with entrapment of sand in some cases 

 generalized erosion of the shelf margin 

 basinward thickness increase of clinothems beyond the shelf break  

 dominance of sandy turbidite deposits beyond the rollover if deltaic/shoreface 

deposits reach shelf margin positions 

Some of these criteria have been applied to the three dip stratigraphic panels (Figure 8-23) in 

order to establish the pattern and lateral variability in the rollover trajectory among successive 

clinoforms and to compare the results with the New Jersey margin. 

Shelf margin trajectories of the Baviaans South, Baviaans North and Zoutkloof are overall very 

similar (Figure 8-26). The respective rollover trajectory is flat to slightly rising between WfC 1 

and 4, before being strongly rising between WfC 4 and 5, and finally going back to a flat to very 

weak ascending pattern from WfC 5 to 8. However, a more detailed and subtle variability can 

be recognized in each one of these profiles. The Baviaans south profile (Figure 8-26C), where 

no evidences of WfC 1 have been found, is characterized by a flat and strongly prograding 

trajectory with the lowest grade of rising or aggradation. There is still a pronounced rising 

period between WfC 4 and 5, although this rising is relatively short due to the thin and distal 

nature of WfC 5 in the southern part of the study area. The Baviaans North profile (Figure 8-

26B) shows a more flat to strongly rising trajectory, with a general higher aggradational 

component than in the equivalent trajectories in the southern limb (Baviaans South). The 

absence of a recognized rollover in WfC 8 along the entire profile suggests again that its 

location was further basinward, resulting in the establishment of a strongly flat trajectory 

between WfC 5 and 8. The Zoutkloof profile (Figure 8-26A) also shows a general flat to rising 

trajectory, but in this case with a higher aggradational component than the previous profiles. 

Another highlighting feature of the Zoutkloof section is the establishment of the rollover 

position of WfC 8, which reinforces the hypothesis of a flat clinoform trajectory between WfC 

5 and 8 suggested in the Baviaans North profile.        

 

8.8.3. Strike (3D) variability     

Sometimes, the sedimentary facies recording the development of a basin margin is limited to 

bidimensional dip profiles (Charvin et al., 2010, Poyatos-Moré and Hodgson, 2012) (see 

above). Besides, the analysis of basin margin successions is often performed in a parasequence 

scale, where conclusions are regionally extrapolated and attributed to extreme settings of 
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wave, tidal or river dominated-processes, or a combination of them (Dixon et al., 2012a). This 

is totally disagreeing with the detailed interpretation of modern coastal/shallow marine and 

deltaic settings where the effects of localized variability of process regime can be easily 

recognized (Olariu and Steel, 2009, Ainsworth et al., 2011). In the Waterford Fm, the 

tridimensional variability, in a sub-parasquence scale, of WfC 3 and 4, through the detailed 

observation of the facies distribution along the three sub-parallel dip profiles (Figure 8-27) has 

led to understand the arquitectural, process regime and trajectory varability during the 

tridimensional development of a shelf margin.     
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Figure 8-26. Schematic diagram showing the interpreted rollover position (highlighted in green) and 
clinoform trajectory along the dip orientated Zoutkloof [A], Baviaans North [B] and Baviaans South [C] 
profiles. Note the overall flat to slightly rising progradational nature and low angle nature of the shelf -
edge trajectory, punctuated by a steeply rising component between WfC 4 and 5. See text for details. 

From Jones et al. (2013b). 

 

Lateral variability of WfC 3 

The variability of facies associations of WfC 3 reveals an extensive but irregular distribution of 

lower shoreface sandstones (Figure 8-25D) to the south that thin and become progressively 

confined towards the most proximal areas to the north, with deformed deposits (Figure 8-25C) 

being thicker and more extensive towards the south of the study area (Figure 8-23). The WfC 

3, along the Baviaans North profile, is a wave and storm-dominated system in its most 

proximal extension and becomes further covered in the area between Rail Cut and Blockhouse 

(Figure 8-23B). Towards the south, the WfC 3 is strongly influenced by wave action with just a 

minor expression of distal mouth bar deposits (Figure 8-25F). This would indicate a more 

deviated position respecting the fluvial feeding system. The high thinning of lower shoreface 

and deformed facies, followed by an increase of thickness of SOT transition (Figure 8-25B)  and 

offshore (Figure 8-25A) deposits would be associated with the proximity of the shelf margin 

position along both central and southern profiles, particularly in the Blockhouse (Baviaans 

North) and between Geelbeck River and Hart B (Baviaans South) localities. The Zoutkloof 

profile is quite different from the previous ones, since lower shoreface and deformed facies 

are thinner and less extensive, being more confined towards the most proximal areas. The SOT 

transition deposits, although they are thick in proximal areas, thin out rapidly basinward, 

beyond the Zout TT and Faberskraal sections (Figure 8-23), which would correspond to the 

interpreted position of the WfC 3 rollover. In this northern zone (Zoutkloof) of the study area, 

WfC 3 is characterized by a wave and storm dominance and shows a relatively limited 

progradation of lower shoreface and deformed deposits. Despite this apparent lack of 

progradation, a series of small and isolated sandy turbidite (Figure 8-25E) channels have been 

recognized, incising offshore slope deposits, which indicates that sediments of WfC 3 reached 

the preexisting shelf margin of WfC 2 and were able to overpass it, transporting small amounts 

of sand towards the slope in the northern zone of the studied area (Zoutkloof), in a different 

behavior of that observed in the southern counterparts (Baviaans North and South) (Figures 8-

23 and 27). 
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Figure 8-27. Facies fence diagrams for WfC 3 and WfC 4 (Jones et al., 2013b). Note facies breakdown for 
individual localities are cumulative. Diagrams show the across-strike thickening of the three clinothems 
to the north, coupled with an increase in offshore facies and persistent supply of sediment beyond the 

shelf edge. Basinward thickening of individual clinothems is associated with transition from shelf to 
slope; and correlates with the down-dip pinching out of deformed facies. See text for details.  

 

Lateral variability of WfC 4 

The WfC 4 is in general a wave and storm-dominated clinothem (Jones et al., 2013a), without 

any evidences of fluvial influence observed throughout the studied margin. The variability 

concerning the lower shoreface and deformed deposits is similar that the observed in the WfC 

3, with an extensive typical progradation to the south and a relatively limited progradation of 

these facies in the northern shelf. Despite this wave-dominated nature, the WfC 4 clearly 

shows evidences of sediment supply beyond the clinoform rollover, as indicated by the 

presence of a sandy upper slope turbidite wedge (Figure 8-24), which increases its thickness 
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basinward, and which is subsequently eroded by an upper slope channel (see location in Figure 

8-23B). Although upper slope turbidite deposits are absent to the southern part of the study 

area (Baviaans South), they are highly extensive beyond the rollover positions in the north 

(Zoutkloof). The increase of thickness and dip extension of turbidity current deposits, 

combined with the increase in amalgamation of layers and groups of layers towards the north 

of the region indicates that sediment bypass towards the basin was increasing to the north of 

the shelf margin. The WfC 4, along the Zoutkloof profile, shows an intensity and facies 

proportion between deformed and undeformed facies similar to that observed in the 

underlying WfC 3. A key difference between the Baviaans North and Zoutkloof profiles is the 

large dip extension and higher proportion of sand in the slope turbidite deposits. Contrasting 

both with the Zoutkloof and the Baviaans North profiles, and despite the extension of 

deformed and lower shoreface deposits along the entire Baviaans South profile, in the 

southern margin there is no record of upper slope turbidite deposits, despite the proximity 

with the thick turbidite deposits observed in the Baviaans North profile (Figure 8-23B). Thus, 

WfC 4 is interpreted that reached the clinoform rollover position in the northern zone of the 

study area but remained highly confined in the southern shelf, with just some evidences of 

base-of-slope deposits covering the rollover and upper slope zones (Figures 8-23A and 8-28). 

The transverse correlations show a continued tendency from WfC 3 with an increase of 

thickness in the parasequence towards the north.        

 

 

 

Figure 8-28. Interpreted lateral variability from observations made along the lower Waterford 
margin in the Laingsburg area (modified from Jones et al., 2013b). Margin curvature resulted in a 

narrower shelf to the north (Zoutkloof), which had a significant bearing on delta transit time to the 
shelf edge and the time the delta remained at the shelf edge. Longshore process would mean that 

sediment could be captured by the narrower shelf in the north. Thickening of successive clinothems 
and steeper margin trajectory to the north are consistent with a greater accommodation that is 

attributed to differential compaction. 
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8.9. Discussion 

Process regime vs clinoform trajectory 

It has been widely documented that shelf edge deltas play a fundamental role in the creation 

of shelf margin accumulations (Morton and Suter, 1996; Muto and Steel, 2002; Porębski and 

Steel, 2003) and that the highest rate of shelf edge progradation occurs at times when, or in 

areas where, sediment supply is high. Dixon et al. (2012a) highlighted the importance that 

process regime (wave, fluvial, tidal) at the shelf edge has on controlling supply of sediment to 

the slope and basin floor (Figure 8-29). It has been widely proposed that river-dominated 

deltas have the ability to prograde rapidly across a shelf and have greater potential for delivery 

of sediment to the slope and basin floor due to their focused supply of sand, particularly 

during times of relative sea-level falls (Morton and Suter, 1996; Johannessen and Steel, 2005; 

Carvajal and Steel, 2009; Sanchez et al., 2012a), in a variety processes but mostly via 

hyperpycnal flows associated to river-floods (Normark and Piper, 1991; Mulder and Syvintski, 

1995; Mulder and Alexander, 2001a; Mulder et al., 2003; Mutti et al., 2003; Plink-Björklund 

and Steel, 2004; Bhattacharya and MacEachern, 2009; Zavala et al., 2011).  

The presence of a significant fluvial system at the shelf edge zone can also degrade the shelf 

edge rollover through sediment loading and incision processes that may lead to the creation of 

conduits, resulting in over-steepening and repeated collapse of the delta front, triggering mass 

transport complexes and initiation of surge-type turbidity currents, thus contributing to 

hyperpycnal flow sedimentation with an effective gravity-driven sediment delivery system, as 

observed in this study in the New Jersey margin (Poyatos-Moré and Hodgson, 2012) and in the 

Castissent sequences (Remacha et al., 2011; Poyatos-Moré et al., in prep.). In contrast, typical 

wave and storm dominated shorelines are often characterized by a low rate of sediment 

delivery beyond the shelf edge due to a redistribution of sediment along the margin by wave 

and storm processes, and therefore are thought to have limited potential for the development 

of incisional features that can deliver sediment beyond the shelf edge (Johannessen and Steel, 

2005; Dixon et al., 2012b). Nevertheless, Jones et al. (2013a) demonstrated that some wave 

dominated clinothems, as the WfC 4 in the lower Waterford deltaic system, can be more 

effective at supplying sediment beyond the shelf edge than some fluvial dominated 

clinothems, which not always show evidences for sediment bypass across the shelf edge 

rollover. However, the limitations of single 2D dip profiles (Remacha et al., 2011; Poyatos-

Moré and Hodgson, 2012; Jones et al., 2013a) often mean that the regional robustness of 

these interpretations cannot be always tested. 
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Datasets incorporating further data of different parallel dip panels may show that some wave 

and storm dominated clinothems also lack direct evidences of further sediment entry points 

aside from some localized points (Jones et al., 2013b; Hodgson et al., in prep.). Thus, the 

proximity to a fluvial source in these cases can be not the main control on the supply of 

sediment to the slope and basin floor settings, and fluvial feeders may also be sometimes 

situated out of the scope of the study area, supplying wave and storm dominated shorelines. 

Some shorelines may have the ability to transfer sediment basinward in settings where shelf 

redistribution processes are weak (Weber et al., 1997), if the shelf is narrow (Piper and 

Normark, 2001; Henriksen et al., 2011) or where slope canyons have cut back across the shelf 

to reach shoreline positions and receive sand from longshore drift (Covault et al., 2007; Boyd 

et al., 2008; Covault and Graham, 2010). It has also been shown that extreme storms can 

produce strong storm-surge ebb currents that incise shoreface sandstones and canyon walls 

and re-suspend and redistribute sediment offshore (e.g. Dail et al., 2007; Goff et al., 2010; 

Rogers and Goodbred, 2010). 

The supply of sediment to the upper slope without a clear fluvial driver and during a period of 

steeply rising margin trajectory contrasts markedly with established models where major sand 

delivery to the slope and basin floor is expected to occur during a period of flat/falling 

trajectory (Posamentier et al., 1988; Posamentier and Vail, 1988; Van Wagoner et al., 1990; 

Mutti, 1992; Milton and Dyce, 1995; Marjanac, 1996; Normark et al., 1998; Johannessen and 

Steel, 2005) and/or at fluvial dominated shelf edges (Davoli et al., 1991; Mutti, 1992; Morton 

and Suter, 1996; Mutti et al., 1996; Johannessen and Steel, 2005; Carvajal and Steel, 2009; 

Remacha et al., 2011; Poyatos-Moré and Hodgson, 2012). Although contradictory to the 

established trajectory model, the Waterford example is not unique. For example, the Cenozoic 

succession offshore eastern Venezuela and in the Niger Delta (Henriksen et al., 2011) exhibit 

both deepwater fan deposition during times of rising shelf edge trajectories, which is 

attributed to high sediment supply rates.  

Besides, a good strike control of margin variability may show that delivery of sediment to the 

shelf edge during a period of rising trajectory may not occur uniformly across the entire 

margin, as the same steeply rising trajectory between different dip profiles along the same 

shelf margin cannot be necessarily associated with the presence of down dip slope sandstone 

deposits in all bottomsets (Jones et al., 2013b). Subtle differences observed in trajectory 

profiles and across-strike difference in sand delivery to the upper slope suggests that factors 

affecting margin development may vary along the same shelf system. 
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Controls on lateral shelf margin variability  

Internal facies distribution and stratigraphic architecture of different clinothems may also 

show significant lateral variability, which provides useful information in the analysis of the 

critical factors controlling the spatial delivery of sediment to the slope and the development of 

the margin itself. Thick turbidite-dominated slope successions could develop via a 

major/multiple fluvial input point lying close to the shelf edge rollover like in the New Jersey 

margin (Poyatos and Hodgson, 2012) (see Figure 8-20), which could supply a high volume of 

sediment to be redistributed beyond the shelf edge. However, palaeogeographic 

reconstructions from isopach maps (Jones, 2013) can indicate curvatures/irregularities in the 

shelf edge rollover with associated narrower shelves in some areas (see Figure 8-28). A 

narrower shelf would result in the advancing shoreline encountering the shelf edge earlier 

and, as a consequence, the system can be in a position to deliver sediment to the slope for a 

longer period within the same period of progradation of the whole margin. In contrast, a wide 

shelf would result in the shoreline taking longer to reach the shelf edge and therefore it would 

have only limited time to deliver sediment to the slope. 

An overall thickening of successive deltaic parasequences towards some parts of the same 

shelf margin may suggest more available accommodation space in some zones for each 

parasequence and no suggestion of compensational stacking on the shelf at the scale of the 

study area (Jones, 2013). This increase of accommodation based on thickness is sometimes 

reinforced by the observation of more steeply rising basin margin trajectories along some dip 

profiles than in others. Assuming that eustatic sea-level changes can be considered as 

consistent across a relatively small section of a basin margin, this variability in accommodation 

can be attributed to differential subsidence. Increased subsidence would result in greater 

accommodation and therefore a narrower shelf; this would ultimately influence the sediment 

dispersal pattern of the margin, which will be mostly diverted to the narrower area, where the 

sediment path to the slope is shorter. For example, the lateral thickness variability in 

sequences across the New Jersey margin is interpreted to represent depocentre migration due 

to differential subsidence (Fulthorpe and Austin, 2008). The driving mechanism/s for 

differential subsidence across the Karoo margin is not clear. Possible controls may include 

greater tectonic subsidence and/or more compaction of the substrate towards the north of the 

Laingsburg depocentre. Besides, a significant increase in thickness of the underlying slope 

units, as noted by Figueiredo et al. (2010), is also consistent with a long term creation of 

greater accommodation in the north of the region (Jones, 2013).  
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9. CONCLUSIONS 

The Castissent depositional sequences: shelf-margin deposition in a river-dominated and 

tectonically-controlled deltaic system 

• The Lower Eocene Castissent depositional sequences (Cs-1 and Cs-2) mainly consist, in the Ainsa 

basin, in mouth-bar deposits and delta front sandstone lobes in transition to slope turbidites, 

deposited in a flood-dominated river-delta system. Deposition of these bodies was strongly 

controlled by the interaction between continental-derived hyperpycnal flows, the influence of 

shoreline processes and the local and regional tectonic activity. 

• Cs-1 and Cs-2 are made of at least 9 lower hierarchical order units (C1-C9), the first of which are 

characterized by a basal sandy turbidite wedge passing upwards to an interval of thin-bedded 

turbidites (C1-C3), interpreted as different slope channel-levee systems forming a slope fan 

succession. The next units (C4-C8) are characterized by a mud-dominated prodelta wedge 

passing upwards to delta front sandstone lobes and then to mouth-bar deposits in the most 

proximal eastern zones of the study area. These five units represent two prograding deltaic 

complexes (C4-C5, and C6), separated by a sequence boundary (intra-Castissent unconformity), 

and followed by a dominantly backstepping succession (C7-C8). Finally, a last slightly prograding 

sequence is found (C9), strongly influenced by northern-sourced alluvial supply from the Santa 

Liestra fan delta. 

• The controversial intra-Castissent boundary is the result of an interaction between sediment 

availability and tectonic control. The local activity of thrusts temporary increased the slope 

gradient and the ability of flows to ignite and overpass the shelf-break, delivering sand towards 

the basin. The movement of la Foradada tear fault, related with the southward emplacement of 

the Montsec-Peña Montañesa nappe, tilted the upper deposits of Cs-1, which were eroded and 

remobilized in a mega-slump process which is visible at mapping scale in Los Comunes locality. 

This large-scale sediment failure gave rise to a new sequence boundary on top of the Unit C5 

unit, overlain by a renewed regressive stage (Unit C6). This erosive process affected the upper 

deposits of the Cs-1 sequence, partially delivered in the new turbidite system basinward (the 

Arro sandbody). The period of no deposition and sediment bypass during the formation of the 

sandy stages of the Arro-Broto turbidite system is consistent with a sedimentary hiatus found 

after a paleomagnetic analysis in the equivalent basal surface of Cs-2 sequence eastwards of La 

Foradada fault (Ésera River), and thus supports the emplacement of the intra-Castissent 

sequence boundary. 
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• It can be demonstrated that shelf hyperpycnal flow deposits are genetically related to slope 

turbidites in flood-dominated and tectonically-controlled deltaic systems, although they are not 

the only triggering mechanism for sediment delivery beyond the shelf break. 

• Deposits related with soft-sediment deformation processes may be interpreted as seismites, 

when they appear clearly related with activity of local thrusts, and can be used as key marker 

beds. Deformed sediments range in scale and rheological type from simple load casts to 

remobilized creep units and cohesive debris flow and/or sandy mud-flow beds. Field evidences 

suggest that these mass flows undergo several transformations during their movement 

downslope as “surge-type” flows. 

• These “surge-type” flows are potentially able to evolve into low-density turbidity currents, 

building part of the slope strata, and being responsible for the formation of slope conduits or 

gullies. However, they are thought to play a minor role and therefore hyperpycnal flows 

associated to river floods provide the most significant volume of sand to base-of-slope settings.  

• Field mapping and correlation of high-frequency sequences show that they can often be 

considered deltaic clinothems bounded by clinoform surfaces (their sigmoid bounding 

unconformities) whose formation is strictly controlled by tectonics. These high frequency 

tectono-sedimentary units allow deciphering not just the shelf-edge architecture of a basin 

margin, but also the high frequency relationships between deltaic and deep water systems, as 

well as the timing of different thrusts affecting shelf-margin deposition in active settings. 

 

Other deltaic studies in different settings: controls on shelf edge sediment bypass during rising 

clinoform trajectories and the significance of lateral margin variability 

• The New Jersey and Waterford margins are rare in their ability to directly tie detailed facies-

scale observations to margin scale depositional architectures. Both are mixed influence 

wave/storm and fluvial dominated deltaic systems that produced broadly similar basin margin 

scale clinothems. 

• The study of both systems document coarse-grained sediment supply across the shelf edge 

rollover during intervals of rising margin trajectory. This contradicts pre-established models of 

maximum supply during falling trajectory, and importantly highlights the limitations of margin 

interpretation through trajectory analysis in the absence of a good facies control. 

• The New Jersey margin subsurface study demonstrates a direct correlation between fluvial 

dominated clinothems and sandy bottomsets. In contrast, the lower Waterford Fm shows no 
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relationship between process regime operating on the shelf and coarse-grained sediment 

delivery to the slope region, but attributes supply to the slope to a narrow shelf in combination 

with a reduced accommodation space. 

• The New Jersey margin data set consists of a single 2D supply parallel dip/oblique section, 

whereas the lower Waterford data set constrains a 13 km-wide section of the margin. The three 

parallel dip profiles show similar shelf edge rollover trajectories, but this belies significant along-

margin variability in process and physiography. It also highlights the limitations of a single 2D 

profile to prediction slope and basin floor deposits. 

 

Results of this thesis therefore caution against reliance on simply dominant sedimentary 

processes interpreted at the shelf edge and also strict adherence to seismic-based trajectory 

methods for prediction of timing and position of sand bypass beyond the shelf margin, in the 

absence of a good calibration with sedimentary facies. It also highlights the limitations of 

interpreting and predicting distribution of deep water sands based on single 2D dip-parallel 

sections, whether that be outcrop- or seismic-based, in both passive or active margins. 
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10. FUTURE WORK 

Sediment Routing and Fluvial Architecture in the lower Eocene Corçà and Castissent 
Formations (South-Central Pyrenees, Spain) 

 

in collaboration with Robert A. Duller1, Xavier Solé2, Marta Roige3 and Duna Roda4 

1
Department of Earth, Ocean & Ecological Sciences, University of Liverpool, United Kingdom 

2
Carrer Catalunya 23, 08552 Taradell, Spain 

3
Departament de Geologia, Universitat Autònoma de Barcelona, 08193 Bellaterra, Spain 

4
Department of Earth Science and Engineering, Imperial College London, United Kingdom 

 

The Corçà Formation is a lower Eocene fluviatile succession that overlies the transitional 

marine Ametlla Formation within the Àger Basin, South-Central Pyrenees. The Corçà Fm has 

received relative little scientific attention, which is surprising since it offers key information 

into: (1) depositional environment and architecture development in a diachronously subsiding 

basin; and (2) development, linkage and time-correlation of late Eocene sediment routing 

systems. To elucidate this, sedimentary, architectural and provenance will be studied and used 

to determine paleohydraulic proxies and sediment transport pathways over time. This will also 

let to resolve a chronostratigraphic framework between the Àger and Tremp-Graus basins.  

A NW-SE basin axis orientation is confirmed by onlap geometries of the Corçà Fm strata onto 

the Ametlla Delta (southern margin) and the Montsec thrust (northern margin). A series of 

north-striking extensional tectonic structures are apparent to the south of the study area, 

which appear to have been active throughout sedimentation and act as topographic 

hindrances to sediment transport pathways in the southern limb of the Àger syncline. This 

affected deposition of the lower Corçà Fm, where strata display faint fanning geometries 

interpreted as growth strata. Facies and sedimentary structures of the Corçà Fm indicate an 

overall NW palaeo-transport, with a shift towards the N in the western part of the area, where 

an increase of gravel facies is observed. This could suggest the existence of a southern-sourced 

secondary coalescent system that also provided lateral supply to the main stream, eventually 

blocking the main paleochannels and leading to their rapid infilling. 

The lower unit of the Corçà Fm is attributed to the Castigaleu Group, which rests 

unconformably upon the Ametlla Delta deposits. The unconformable contact between the two 

units of the Corçà Fm, showing an abrupt facies change is also consistent with a sequence 

boundary. Sedimentary and provenance data, and correlative surface mapping indicates that 

Corçà Fm fed, and was laterally connected to the Montanyana deltaic complex, located 15 km 

basinward (to the NW), and related with its highstand deposits, consistent with the negative 
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progradational trend observed. Provenance and paleoflow analysis point towards a general 

south-eastern source area, with the possibility of a contemporaneous eastern source area. 

The equivalence in facies characteristics, lithology and paleocurrent direction of the Corçà Fm 

with the Castissent Fm (Tremp-Graus basin), constitutes the basic criteria with which to 

‘connect’ and correlate these formations on both sides of the Montsec high. This would 

suggest a relatively subdued topography in the vicinity of the Montsec thrust at the time. This 

conjecture will require further data to be robustly tested. However, newly produced U-Pb and 

ZFT dating from Ypresian sediments from both formations lend support to this. These data 

extend the period during which orogen-parallel sediment routing systems persisted in the 

south-central Pyrenees to include the Ypresian, and ceased around the Upper Ypresian-Lower 

Lutetian boundary (47.84 Ma), during which orogen-transverse systems were becoming more 

established. This work aims to elucidate the role of the Corçà and Castissent Formations as an 

important feeding system of the South-Pyrenean Foreland Basin sedimentation during the 

Eocene. 

 

 
The SLOPE 4 Project: Coastal Plain to Deepwater Depositional Systems (Karoo Basin, South 
Africa) 

in collaboration with Stephen Flint1, David M. Hodgson2, and the Stratigraphy Group* 
1
School of Earth, Atmospheric and Environmental Sciences, University of Manchester, United Kingdom 

2
School of Earth and Environment, University of Leeds, United Kingdom 

*http://www.seaes.manchester.ac.uk/our-
research/researchgroups/basinstudiesandpetroleumgeoscience/researchthemes/stratigraphygroup/

 

 

The SLOPE project has been working on the process sedimentology, sequence stratigraphy and 

depositional architecture of world class outcrops of Permian shelf edge, submarine slope and 

basin floor systems in the Karoo Basin, South Africa for 9 years. In conjunction with the LOBE 

project (now in Phase 2) these studies have yielded a wide range of new understandings of 

linked shelf to basin systems in the Tanqua and Laingsburg depocentres (e.g. Hodgson et al., 

2011; Flint et al., 2011). The projects have been supported by many oil companies and are 

currently in progress. The 4th phase of the SLOPE project (the Karoo Basin synthesis project) is 

due to start shortly to investigate a further range of fundamental research questions on 

deepwater and deltaic components of the Karoo system. 

The Karoo Basin synthesis project is a research project that aims to understand the long-term 

evolution of the southern margin and will deliver on two complementary scales of analysis: 

http://www.seaes.manchester.ac.uk/our-research/researchgroups/basinstudiesandpetroleumgeoscience/researchthemes/stratigraphygroup/
http://www.seaes.manchester.ac.uk/our-research/researchgroups/basinstudiesandpetroleumgeoscience/researchthemes/stratigraphygroup/
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exploration-scale research will provide a model for the basin margin history, the position, 

timing and estimated volumes and architecture of all sediment fairways developed in basin 

floor through slope, shelf and marginal marine settings, over a 15 My time period, along a 150 

km+ strike section of the basin margin. This integrates the many years of work on the Tanqua 

and Laingsburg depocentres and adds new independent control on the stratigraphy through a 

systematic development of absolute age control (radiometric dating) and 

magnetostratigraphy.  

Additional basin context will be provided through analysis of available gravity and magnetic 

data. Reservoir-scale work will provide a new suite of high-resolution architecture panels for 

recently identified  channel complexes, levee complexes and composite lobe/levee bodies at 

an increased number of upper slope to basin floor profile positions through the same 

depositional sequences and composite sequences. The stratigraphic range of these panels will 

be extended from Units C and D to the recently researched Units E and F, which allows 

detailed quantitative comparison of architecture/connectivity between sand-attached and 

sand-detached distributive systems. Furthermore, the shelf to fluvial component of the basin-

fill will be documented. 
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[…] The answer, my friend, is blowin’ in the wind,
the answer is blowin’ in the wind […]

(Dylan B., 1963, “Blowin' in the wind”)
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