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Abstract 

This study aims to identify clinoforms and clinothem bodies in a NW-SE oriented outcrop of 

the Eocene Sobrarbe delta. The succession represents an overall prograding delta front and a 

part of the infilling of the Ainsa Basin. Descriptive sedimentological data has been collected 

along the outcrop, with specific emphasis on two individual clinothems. Based on sedimentary 

logs and thin section analysis, the facies and mineralogical changes along two clinothems are 

identified and discussed.  

The two clinothems are located in the lower and upper part of the Las Gorgas composite 

sequence. Although both clinothems represent the transition from delta top to delta slope 

deposits, the facies distribution and the textural and mineralogical trends of the deposits show 

significant differences. The clinothem situated in the lower part of the Las Gorgas composite 

sequence shows the transition from lower shoreface to offshore deposits, and is dominated by 

deposition from a basinward thinning cohesive mud flow. Downslope textural changes include 

a decrease in grain size, an improved sorting and a constant degree of roundness of the grains. 

The mineralogical composition shows an increasing relative amount of lithic carbonate (mostly 

calcite grains) compared to quartz and low relative amounts of clasts of detrital carbonate 

(micrite) and micas. In contrast, the clinothem from the upper part of the Las Gorgas CS consists 

of upper shoreface to lower shoreface deposits, and are interpreted to be a result of hyperpycnal 

flow deposits with a possible influence of tidal processes. Between flood-events, wave 

processes are suggested to have affected the deposits. The down-dip textural and compositional 

changes include improved sorting, decrease in grain size, constant roundness of the grains and 

a decrease in the relative abundance of less resistant minerals such as detrital carbonate, micas 

and feldspar. The amount of less resistant minerals is significantly higher in this clinothem than 

in the clinothem from the lower part of the Las Gorgas CS, and the relative amount of detrital 

carbonate compared to quartz shows the opposite downslope trend, and decreases downslope.   

Both clinothems have a sigmoidal geometry, although they are dominated by different 

depositional and post-depositional processes and represent different depositional environments. 

The most distinct difference between the clinothems related to the deposits is the distribution 

of sand, where the uppermost clinothem shows transport of shoreface sands over the topset-

foreset rollover. The diverging results raise questions related to the connection between 

clinothem geometries and facies distribution. 
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1 Chapter 1: Introduction 

 

The Eocene Sobrarbe delta is located in the Ainsa Basin, Spain (Fig. 1.1), which provides 

outcrops revealing the interaction between tectonic activity and sedimentology. The Sobrarbe 

delta is deposited in an active foreland piggyback basin (Farrell et al., 1987; Dreyer et al., 1999; 

Muñoz et al., 2013), and an along-dip NW-SE trending outcrop of the delta provides an unique 

opportunity for onshore studies of clinothem development and delta sedimentation in a 

tectonically active regime. Several studies have focused on the sequence stratigraphic 

development of the delta (e.g. Dreyer et al. (1999), Gawthorpe et al. (2000), Hall (1997) and 

Wadsworth (1994)), but no detailed studies of particular clinothems have yet been conducted. 

Clinothems and clinoforms are fundamental building blocks of deltas (Rich, 1951), and the 

along-dip facies distribution in a clinothem provides a detailed understanding of the processes 

affecting the deposits from a proximal to distal position on the delta front. This knowledge can 

be obtained by detailed sedimentological logging of clinothems. 

 

The understanding of the distribution of active depositional and post-depositional processes 

along-dip in different clinothems can thereafter be used to improve the understanding of the 

linkage between depositional processes and clinothem geometries. Predictable relationships 

between clinothem geometries and internal sediment distribution can provide important 

information for future hydrocarbon exploration. 

 

The work of this thesis revolves around two clinothems in the Las Gorgas composite sequence, 

one situated at the base and the other towards the top of the sequence. The aim of this study is 

to: 

 

  Identify and discuss changes in facies and mineralogical changes along clinothems 

 Compare the temporal facies distribution between different clinothems.  

 Discuss how depositional environment influences clinothem development. 

 

Sedimentological data was collected along a 2,5 km long NW-SE trending outcrop of the 

Sobrarbe delta, and consists of four logs (red dots, Fig. 1.1d) covering parts of the Las Gorgas 

composite sequence of the Sobrarbe Formation. Five short logs were additionally collected for 

each of the two clinoforms (see Chapter 8). 
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Figure 1.1. Ainsa is located in Aragon, Spain, as shown in a) (Modified from Worldatlasbook (2011)). 

b) Map of Ainsa and surrounding towns (Modified from SIGPAC (2017)). c) Large-scale map of the 

study area with town names, roads and stratigraphic units (Modified from Dreyer et al. (1999)). d) Map 

of the study area, including the positions of the four main logs (Log 1-Log 4) (Modified from SIGPAC 

(2017)). 
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2 Chapter 2: Geological setting 

2.1 The Pyrenean orogeny 

The Pyrenean orogeny developed as a result of a continental collision between the Iberian and 

Eurasian plates, during Upper Cretaceous (Campanian) to Early Miocene times (Muñoz, 1992; 

Puigdefàbregas et al., 1992). The mantle and lower lithosphere of Iberia were partly subducted 

to the north below the Eurasian plate, and oppositely vergent thrust-and-fold belt covers 

developed on both sides of the central duplex (Axial zone), with their respective foreland basins 

(Fig. 2.1 and 2.2). Both in the Axial zone and in the southern side, south-directed thrusts are 

the most prominent, while north-directed thrusts are the most common to the north (Fig. 2.1). 

South-directed thrusts show a higher amount of shortening than the north-trending thrusts 

(Puigdefàbregas et al., 1986; Muñoz, 1992; Puigdefàbregas et al., 1992; Muñoz et al., 2013).  

The South Pyrenean thrust belt consists of three main cover thrust sheets, the Bóixols, the 

Montsec and the Serres Marginals, but also known as the South Pyrenean Central unit (Fig. 2.1 

and 2.2) (Muñoz, 1992). The Bóixols thrust sheet is the furthest north of the three, and formed 

during Late Cretaceous. Further south, the Montsec thrust sheet developed during Palaeocene 

to Late Ypresian. The Serres Marginals thrust sheet is situated furthest to the south, and 

developed during Lutetian and Oligocene times (Muñoz, 1992; Muñoz et al., 2013).  

Figure 2.1. The ECORS profile (Muñoz, 1992) is a crustal-scale N-S cross section through the 

central Pyrenees (see Fig. 2.2) including the South Pyrenean Central unit in the south, the Axial 

Zone and part of both the Aquitaine and Ebro foreland basins. The illustration is modified by Muñoz 

(2013).  
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2.2 Triassic evaporites 

The central and west-central southern Pyrenees show significant differences in structural relief; 

an antiformal stack of basement thrust sheets created a large relief in the central Pyrenees 

(Muñoz, 1992; Muñoz et al., 2013), which contrasts with the more imbricated thrust sheets and 

Figure 2.2. (a) Illustration of the central Pyrenees, including the main structural units: the Axial zone 

and the South Pyrenean Central unit (SCU). The ECORS section depicted in Fig. 2.1 is represented 

by a yellow line. The location of the Tremp-Graus, Ainsa and Jaca basins is shown in the close up 

view (b). (a) is modified from Muñoz et al. (2013) and (b) is modified from Bentham et al. (1992). 
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distributed structural relief observed in the west central Pyrenees. This structural change can be 

explained by the differential distribution of Triassic evaporates (Muñoz et al., 2013). In the 

central Pyrenees, the Axial zone and the thrust sheets of the South Pyrenean Central unit (Fig. 

2.1 and 2.2) are detached along the Triassic evaporates (Muñoz, 1992). In contrast, there are no 

Triassic evaporites in the west central Pyrenees, and the thrust sheets are therefore coupled to 

the basement (Muñoz, 1992). This results in differential thrust displacement between the west 

central Pyrenees and the central Pyrenees, also including vertical axis rotations (Soto et al., 

2006; Muñoz et al., 2013). The effect of this rotation and its palaeogeographic influence can be 

particularly observed in the Ainsa Basin (Muñoz et al., 2013), where the N-S structural 

orientation of the Boltaña, Añisclo, Olsón and Mediano anticlines (Fernández et al., 2012) is 

oblique to the main WNW-ESE Pyrenean trend (Fig. 2.2) (Muñoz et al., 2013).  

2.3 Development of the Ainsa basin 

The Ainsa Basin is today approximately 25 km wide and 40 km long, characterized by a north- 

to northwest structural and depositional axis (Verges and Munoz, 1990; Scotchman et al., 

2015). The eastern margin of the Ainsa basin is defined by the Mediano anticline, which 

represents the boundary between the Ainsa and the Tremp-Graus basins (Fig. 2.2) (Scotchman 

et al., 2015). Other authors place this boundary in the vicinity of la Foradada tear fault, located 

a bit further east, in the hanging wall of the Montsec-Peña Montañesa thrust sheet (Nijman and 

Nio, 1975; Mutti et al., 1988). The western margin is defined by the Boltaña anticline, which 

separates the Ainsa and the Jaca basins (Fig. 2.2). To the north, the basin is bounded by the 

Cotiella thrust complex and the southern margin is defined by the frontal ramp of the Gavarnie 

trust sheet (Scotchman et al., 2015). 

The emplacement and southward advancing of the South Pyrenean Central unit during the early 

Eocene resulted in flexural subsidence in the laterally adjacent areas. The South Pyrenean Basin 

(Puigdefàbregas (1975), referred to by Farrell et al. (1987)) started to develop as a foreland 

basin in the footwall of the Montsec thrust sheet at the Ypresian-Lutetian transition (Early 

Eocene) (Farrell et al., 1987; Muñoz et al., 1994; Dreyer et al., 1999; Muñoz et al., 2013; 

Scotchman et al., 2015). From east to west, the South Pyrenean Basin can be divided into the 

Tremp-Graus Basin, the Ainsa Basin and the Jaca Basin, later separated by the north-south 

oriented Mediano and Boltaña anticlines (Fig. 2.2) (Puigdefàbregas (1975), referred to by 

Farrell et al. (1987)). At this stage of basin development, Dreyer et al. (1999) argue that the 
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Ainsa Basin was in transition between a foredeep and a wedge-top depozone (DeCelles and 

Giles, 1996; Dreyer et al., 1999).  

By middle Ypresian times, westward thrust propagation of the Montsec thrust sheet resulted in 

development of the Mediano oblique ramp anticline (Farrell et al., 1987) and other north-south 

directed structures belonging to La Fueva thrust-and-fold complex (Fernández et al., 2004). The 

developing anticline fixed the position of the shelf break during early basin development, and 

eventually separated the shallow-marine to terrestrial Tremp-Graus Basin from the deep marine 

Ainsa and Jaca basins (Scotchman et al., 2015). Continued westward thrust propagation reached 

the footwall of the Montsec-Peña Montañesa thrust sheet in the Middle Eocene (Muñoz et al., 

2013). As a result, the Gavarnie thrust sheet developed during the early Lutetian, on which the 

Ainsa basin is situated (Fig. 2.2) (Dreyer et al., 1999; Fernández et al., 2004; Muñoz et al., 

2013). The Gavarnie thrust sheet also detached in the Triassic evaporites (Fernández et al., 

2004), and the Ainsa Basin changed from a foredeep to a thrust-top (or piggyback) basin by the 

Lutetian (Farrell et al., 1987; Dreyer et al., 1999; Muñoz et al., 2013). The Boltaña anticline 

started to develop in Middle Lutetian (Muñoz et al., 2013), changing, but not preventing, the 

structural confinement and transfer of sediment gravity-flows from Ainsa to the more distal 

Jaca basin (Scotchman et al., 2015).  

The last stage of the South Pyrenean basin development (Late Eocene to Oligocene) has been 

associated with the growth of the basement antiformal stack in the Axial zone, and the continued 

southward advancement of the Gavarnie thrust sheet and the rest of the South Pyrenean thrust 

system (Puigdefàbregas and Souquet, 1986; Puigdefàbregas et al., 1992; Scotchman et al., 

2015). During this period, the foreland basin experienced an increased sediment supply induced 

by the uplifted Axial zone, together with a reduction in subsidence rates. These factors resulted 

in the infilling of the marine Ainsa basin, ensuing deltaic deposition (Bentham et al., 1992; 

Burbank et al., 1992; Puigdefàbregas et al., 1992; Scotchman et al., 2015).  

2.4 Stratigraphy in the Ainsa basin 

Sediments deposited in the Ainsa Basin were accumulated in a tectonically active regime. It is 

therefore important to acknowledge the interactions between tectonic processes and 

sedimentation to gain a detailed understanding of the depositional processes in the Ainsa Basin 

(Puigdefàbregas and Souquet, 1986; Pickering and Bayliss, 2009; Muñoz et al., 2013). 
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The Ainsa Basin fill is approximately 5 km thick, and shows 

an overall regressive/shoaling trend from deep marine to 

alluvial deposits (Dreyer et al., 1999). The nomenclature 

used to describe the deposits in the Ainsa Basin can be 

confusing, as authors use different names on the same 

formations (Wadsworth, 1994; Hall, 1997; Scotchman et al., 

2015). A nomenclature previously used by Dreyer et al. 

(1999), Wadsworth (1994) and Hall (1997) is used in this 

study (Fig. 2.3). This nomenclature is adapted from the work 

of van Lunsen (1970), Puigdefàbregas (1975), De Federico 

(1981) and Mutti et al. (1988).  

2.4.1 The San Vicente Formation  

During the middle to late Ypresian and Lutetian, the strongly 

subsiding foredeep basin was characterized by fluvio-deltaic 

to deep marine systems. At this time, the South Pyrenean 

Basin consisted of what is today known as the Ainsa and 

Jaca basins. According to some authors, paleocurrent data 

indicate that there was no physical barrier separating the 

basins during the accumulation of the deep-marine deposits (Pickering and Corregidor, 2000; 

Pickering and Corregidor, 2005). To the east of the Ainsa Basin, the Tremp-Graus Basin was 

filled by coeval non-marine to marginal marine deposits (Mutti et al., 1985; Pickering and 

Corregidor, 2005). 

The deep marine succession that accumulated in the Ainsa Basin is about 4 km thick, and 

consists mainly of slope deposits and deep marine channelized turbidites (Mutti et al., 1985; 

Pickering and Corregidor, 2005). The clastic deep marine deposits were potentially fed by a 

fluvio-deltaic complex located in the southeast, resulting in sediment gravity flows toward 

northwest (Arbués et al., 2007; Pickering and Bayliss, 2009). Eight coarse clastic depositional 

complexes interpreted as submarine fans are identified, and they show an overall stepwise west-

southwest foreland migration (Pickering and Corregidor, 2000; Pickering and Corregidor, 

2005). Decreasing amounts of structural deformation and a south-westward shift in depositional 

axis are observed in the succeeding depositional sandy units (Pickering and Corregidor, 2005; 

Pickering and Bayliss, 2009). Pickering and Corregidor (2005) interpreted the deposition of the 

Figure 2.3. The Eocene 

nomenclature in the study area  

from Wadsworth (1994) and the 

GSA Geologic time scale (Ogg et 

al., 2016).  
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submarine sandbodies as driven primarily by tectonic control, and Gupta and Pickering (2008) 

and Pickering and Bayliss (2009) suggests the presence of additional higher order controls that 

operate faster, such as glacio-eustatic and Milankovitch cycles.  

2.4.2 The Sobrarbe depositional complex 

The significant interfingering of the upper part of the San Vicente Formation, the Sobrarbe 

Formation and the lower to middle part of the Mondot member of the Escanilla Formation  (Fig. 

2.4), led Dreyer et al. (1999) to describe them as a depositional complex. The stratigraphic 

succession was deposited between middle Lutetian and lower Bartonian (Fig. 2.4), after the 

Ainsa Basin transitioned from a foredeep to a piggyback basin. The Sobrarbe depositional 

complex has a maximum thickness of approximately 1000 m (Muñoz et al., 1998; Dreyer et al., 

1999).  

An overall regressive trend is observed in the deposits of the Sobrarbe deltaic complex, 

representing the final infilling of the Ainsa Basin and the transition from deep marine to deltaic 

and alluvial environments (Dreyer et al., 1999). The delta entered the Ainsa Basin from a 

structurally lower area to the south and south-east, prograding in a north-northwest direction 

(Fig. 2.5) (Dreyer et al., 1999). Both clastic and carbonate sediments were transported into the 

basin (Hall, 1997). Deformation of the foreland led to growth of internal compressional 

structures, which led to an overall structural uplift and shallowing of the water depth (Dreyer 

et al., 1999). The growth of the Arcusa anticline affected the stratigraphic architecture of the 

deltaic complex by changing the available accommodation space and tilting and steepening pre- 

and syn-tectonic clinothems. Maximum thickness of the Sobrarbe depositional complex can be 

found in the synclinal axes on both sides of the Arcusa anticline (Dreyer et al., 1999).  

A detailed sequence stratigraphic analysis of the Sobrarbe formation was carried out by Dreyer 

et al. (1999) (Fig. 2.6). Three orders of sequences were defined, with a single 

tectonostratigraphic unit, with composite sequences and minor sequences. The 

tectonostratigraphic sequence is the Arcusa tectonostratigraphic unit (TSU), representing the 

final Eocene infilling of the Ainsa basin. The composite sequences (CS) reflect relative sea-

level fluctuations, and are separated by regressive unconformities (sequence boundaries). Each 

composite sequence represents a time period of about 0,75 Ma (Dreyer et al., 1999). The 

Sobrarbe formation is divided into four third-order stratigraphic composite sequences, which 

are named, from oldest to youngest: Comaron CS, Las Gorgas CS, Barranco el Solano CS and  
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Figure 2.4. Stratigraphy of the western Ainsa Basin. Interfingering of formations is represented by 

“shazam” lines. The illustration is modified from Dreyer et al. (1999), based on De Federico (1981).  

Figure 2.5. Reconstruction of the Sobrarbe delta from c. 43 Ma BP (Lutetian), including important 

structural elements such as the Mediano, Boltaña and Arcusa anticlines. Certain sedimentological 

formations are annotated. Modified from Hall (1997). 
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 the Buil CS (Fig. 2.6). The Comaron CS overlies the San Vicente Formation, while the Buil 

CS represents the last deltaic sequence before the transition to the non-marine deposits of the 

Escanilla Formation (Mutti et al., 1988; Bentham et al., 1992; Dreyer et al., 1993; Dreyer et al., 

1999). Each of the four composite sequences can be divided into 3-7 minor sequences 

(parasequences), bounded by transgressive surfaces. These minor sequences are interpreted by 

Dreyer et al. (1999) to be a result of changes in relative sea level caused by alternating phases 

of thrust-related tilting and relative tectonic quiescence. The work of this thesis focuses on the 

Las Gorgas composite sequence. 

The Comaron CS (Fig. 2.6) includes six minor sequences representing deltaic to slope deposits. 

Basinward progradation (towards W-NW) characterizes the five lowermost sequences, while 

the uppermost sequence is located about 5 km closer to land and indicates a change from 

progradation to retrogradation of the deltaic suite (Dreyer et al., 1999). The growth of the 

Arcusa anticline caused tilting of the progradational deposits of the Comaron composite 

sequence, creating a steeper gradient (of max. 10°) than the original depositional dip (Dreyer et 

al., 1999). Observations of slumped and consorted bedding in the Comaron CS by Silalahi 

(2009) support the understanding of tectonic activity during deposition of this sequence. 

Figure 2.6. Main stratigraphic architecture of the Sobrarbe deltaic complex, showing an overall 

regressive trend of the deltaic complex. This study focuses on the Las Gorgas composite sequence. 

Modified from Dreyer (1999).  
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A significant basinward facies shift can be recognized at the transition between Comaron CS 

and the overlying Las Gorgas CS (Fig. 2.6). The base of Las Gorgas is particularly interesting 

for this study, and it is described as a subaerial unconformity at the top of the Arcusa anticline 

(Dreyer et al., 1999). Tracing the boundary towards NW, down the flank of the anticline, the 

surface changes to an unconformity, associated with sea level rise. At the eastern flank of the 

Boltaña anticline, the surface changes back to an unconformity, overlain by a lowstand sandy 

wedge (Dreyer et al., 1999). The transition from Comaron CS to Las Gorgas CS is also 

characterized by a progressive change in the sediment dispersal pattern within the Ainsa basin, 

from ESE-WNW to more N-S (Dreyer et al., 1999). According to Dreyer et al. (1999), this 

transition could be related to the growth (and rotation) of the Arcusa and Boltaña anticlines, as 

more recent papers also suggest (Mochales et al., 2012; Muñoz et al., 2013). The deposits in 

the Las Gorgas CS can be sub-divided into two sections, a lower retrogradational succession 

and an upper progradational succession, separated by a maximum flooding surface (Fig. 2.6). 

The progradational succession shows a more aggrading architecture than the corresponding 

progradational deposits in the Comaron CS. In contrast to the steepening clinoforms in the 

Comaron CS, the dip of the Las Gorgas clinoforms decreases stratigraphically upwards (Dreyer 

et al., 1999).  

Extensive slumping and coeval transgressive and regressive development in different parts of 

the basin make the boundary between the Las Gorgas CS and the overlying Barranco el Solano 

CS challenging to define (Dreyer et al., 1999). The Barranco el Solano CS is dominated by a 

retrogradational pattern (Fig. 2.6), with the shallow marine deposits shifting about 10 km 

landwards (south). Progradation starts in the upper part of the Barranco el Solano CS (Fig. 2.6), 

with some deposits truncated by slump scars (Dreyer et al., 1999). The carbonate-rich deposits 

in the Barranco el Solano CS favour conditions for nummulite accumulation, and indicate a 

transition from clastic to more carbonate sedimentation (Dreyer et al., 1999). 

A mappable unconformity separates the Barranco el Solano CS and the Buil CS, representing 

a major basinward shift in the facies belt. The unconformity is interpreted by Dreyer et al. 

(1999) to be a result of another episode of tectonic activity associated with the uplift of the 

Ainsa basin sole thrust. A brief transgressive event is recorded in the lower part of the Buil CS, 

succeeded by a regional change from shallow marine to fluvial depositional environment (Fig. 

2.6). This final regression is represented by coarser and winnowed deposits, including erosion 

products derived from updip coastal strata. The lateral correlation is challenged by partial 

erosion of the deposits in the Buil CS (Dreyer et al., 1999).  



University of Oslo  Haugen, 2017 

 

12 

 

2.4.3 Escanilla Formation 

The Escanilla Formation was deposited between Lutetian-Bartonian and late Priabonian, and 

essentially represents the continental deposits of the uppermost part of the major shallowing-

upward sequence of the western Ainsa Basin (Mutti et al., 1988; Dreyer et al., 1993; Bentham 

and Burbank, 1996). These fluvial deposits conformably overlie the Sobrarbe Formation in the 

central part of the basin, while they are separated by a progressive unconformity towards the 

Boltaña and Mediano anticlines (Puigdefàbregas, 1975; Mutti et al., 1988; Bentham et al., 1992; 

Dreyer et al., 1993). The maximum thickness of the formation is 750 m, progressively 

decreasing from the central part of the basin to the two anticlines at the margins (Dreyer et al., 

1993).  

 

The Escanilla Formation can be divided into two members, the Mondot and Olsón member 

(Fig. 2.4). The lowermost 200 m is the Mondot member, including marginal marine alternations 

and relatively low sandbody density (Dreyer et al., 1993). Overlying the Mondot member, the 

Olson member (550 m) shows absence of marine influenced intervals and displays a higher 

sandbody density (Dreyer et al., 1993). The formation has an overall regressive trend, showing 

the transition from coastal plain deposits to more proximal alluvial sediments (Mutti et al., 

1988; Bentham et al., 1992; Dreyer et al., 1993). 

2.5 Palaeoenvironment  

There is limited amount of information regarding the palaeoenvironment in the Ainsa basin 

during the Eocene. Hall (1997) made an attempt to describe the temperature based on the 

latitude of the basin (Smith et al., 1994) and temperatures from the Paris Basin (Lutetian) 

(Andreasson and Schmitz, 1996). According to Smith et al. (1994) and Hall (1997), during the 

infill of the Ainsa Basin in the middle Eocene, the basin was situated about 36ºN, about 800 

km south of today’s position. A sub-tropical climate including short, warm winters and wet, 

warm summers is suggested, with an average summer daytime temperature of 31ºC and a winter 

temperature of 21ºC (Hall, 1997). In modern systems, a strong positive correlation is observed 

between warm and clear waters and carbonate production (Wilson, 1975). Based on the 

suggested climate, the environment present during the infilling of the Ainsa Basin was favorable 

for carbonate production. This is supported by the carbonates present in e.g. the Santa Marina, 

Puy de Cinca, Guara, Sobrarbe, San Vicente and Escanilla Formations (Mutti, 1983; Bentham 

et al., 1992; Dreyer et al., 1999; Muñoz et al., 2013). 
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3 Chapter 3: Methodology 

3.1 Sedimentological fieldwork 

The field work related to this thesis was conducted together with fellow master student Stine 

Grimsrud Olsen mainly during three weeks in July and August 2016. Additional data was 

acquired during one afternoon in October, related to a field course arranged by the University 

of Oslo. This additional data was used to improve the understanding and quality of the log from 

the upper sandy part of Log 3. The data collected during the field work include (1) four 68-127 

m long logs in the scale of 1:50, covering the stratigraphic range of interest. Each log is located 

200-500 m apart, see Figure 1.1. The location of each log was determined based on the 

reachability and the outcrop exposure quality, as steep sides and challenging vegetation limited 

the accessibility of the outcrops. The grain size was determined during logging by using the 

Wentworth (1922) grain size classification, and the degree of bioturbation was classified by the 

use of the field guide by Droser and Bottjer (1986). (2) Two clinothems were chosen based on 

their lateral traceability and geometry. Six 4-16 m long logs in the scale of 1:100 were collected 

for Clinothem 1 and five 6-18 m long logs were collected for Clinothem 5 (Fig. 8.1). Including 

the long logs, seven logs represent Clinothem 1 and eight logs represent Clinoform 5. (3) 7 

samples were collected from the topmost layers of Clinothem 1, and 6 samples were collected 

from the topmost layers of Clinothem 5. The samples were collected by the use of a geological 

hammer. (4) Photos were acquired at the localities of the four long logs, in addition to panorama 

photos from sites further away from the outcrop. Panorama photos were taken from different 

sites, to increase the understanding of the geometric relationship between the different 

clinoforms.  

3.2 Facies and facies associations 

The logged sediments were separated into 15 different facies, based on grain size, sedimentary 

structures, bioturbation, stratal architecture, lithology, the orientation of bedding planes, bed 

thickness and boundaries. Facies that are genetically related to one another were combined into 

5 different facies associations (FA), reflecting specific sedimentary environments. The facies 

and facies associations presented in this study were developed in collaboration with Stine 

Grimsrud Olsen. 
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3.3 Log correlation 

The four long logs (Log 1-4) were correlated based on field observations and photos acquired 

in field. Panorama photos were used to trace the distinguishable clinoforms laterally, and this 

information was integrated with the sedimentological data. Varying topography, vegetation and 

the fact that the panorama pictures are not precisely perpendicular to the outcrop leads to some 

uncertainties. To adjust for the angle of the photos, panorama pictures and normal photos were 

taken from different localities at different angles to the outcrop. 

3.4 Thin sections analysis 

Thin sections of the 13 samples were prepared at the University of Oslo by Salahalladin 

Akhavan at the petro-technical department. The samples were dried and glued onto a 2,5 cm x 

4,5 cm glass slide, and polished down to a thickness of 30 µm.  

The thin sections were studied under a Nikon Optiphot-Pol petrographic microscope, to gain 

information about mineralogy and rock texture. All 13 thin sections were studied under plane 

polarized light (ppl) to distinguish mineral characteristics (e.g. relief and pleochroism) and cross 

polarized light (xpl) for the observation of zoning, twinning and birefringence colour.  

The thin section analysis focused on the following features: 

- Identification of the main mineralogy, and a general description of the features of each 

mineralogy (see subchapter 8.1.1).  

- An estimation of the degree of roundness and sorting of detrital grains. The sorting was 

determined using the classification scheme by Compton (1962). The roundness was 

estimated using Powers’ terminology (1953) for individual mineralogies such as quartz, 

feldspar, calcite and mica. The results are presented in Appendix A. 

- The grain size is based on Wentworth (1922), and recognised by counting and 

measuring the long axis of 100 grains in each thin section.  

- A brief description of the grain contacts in each thin section, based on Taylor (1950). 

- When possible, observed microfossils were identified. 
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3.4.1 Point counting 

Point counting was performed on all 13 thin sections (Appendix A). The JMicrovision software 

(Roduit, 2007) was used, combined with four 4x magnified pictures of each thin section taken 

by a camera installed on the Nikon Optiphot-Pol petrographic microscope. 402-421 points were 

counted on each thin section, and the points were chosen by a recursive grid. 11 categories were 

distinguished (Appendix A), including differentiation between mono- and polycrystalline 

quartz and two types of detrital carbonate; calcite grains and clasts of carbonate. The feldspar 

grains were divided between K-feldspar and plagioclase, and the micas were divided into 

muscovite, biotite and glauconite. The rest of the categories include bioclasts, carbonate cement 

and matrix. From the point counting, the results were used to compare the mineralogical 

composition along the two clinothems. To determine the lithological classification of the 

samples, a ternary diagram by Hall (1997) comparing detrital quartz (Q), detrital carbonate (L, 

not including bioclasts) and detrital matrix (M) was used (Fig. 3.1). This diagram is based on 

Packham (1954) and Folk (1980), and applied to these deposits because the samples are 

mineralogically best decried as limestones (above 50% calcium carbonate (Tucker, 1981)), 

while the high amount of extrabasinal material suggests that the texture is best described as 

sandstones. The plotted composition is normalized to Q+M+L. 

 

  

Figure 3.1. Ternary diagram showing the relative composition of matrix (M), limestone detritus (L) 

and quartz. Classification from Hall (1997), based on Packham (1954) and Folk (1980). 
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4 Chapter 4: Theoretical background 

4.1 Clinoforms and clinothems 

4.1.1 Clinoform morphology 

Clinoforms were first described by Rich (1951) as a gently seaward dipping depositional 

surface extending from wave base down to the flat floor of the water body. Mitchum et al. 

(1977) associated clinoforms with strata prograding into deep water, and the term has later been 

used for the sigmoidal, s-shaped, surface identified in progradational aggradational systems 

such as shelf margins, continental margins, deltas and shorelines (O'Grady et al., 2000; 

Johannessen and Steel, 2005). Deposits bound by individual clinoforms are described as 

clinothems (Rich, 1951) (Fig. 4.1). The clinoform morphology can commonly be divided into 

a topset, foreset and bottomset segment (Fig. 4.1) (Helland-Hansen and Hampson, 2009).The 

proximal segment of a clinoform, the topset, refers to the flat proximal part, characterized by 

low gradients (<0.3⁰) (Mitchum et al., 1977; Anell and Midtkandal, 2015). The foreset is the 

steepest segment of the clinoform, and the dip can vary from a few degrees up to the angle of 

repose. The bottomset is the most distal segment of the clinoform, and is characterized by 

decreasing slope gradients (Mitchum et al., 1977; Anell and Midtkandal, 2015). 

Two points of maximum curvature can be identified on a clinoform, and these points are called 

rollover points (Fig. 4.1). The most proximal point of maximum curvature is called the topset-

foreset rollover, which marks the shoreline- or shelf-edge break. The distal point of maximum 

curvature is called the foreset-bottomset rollover (Helland-Hansen and Hampson, 2009; 

Figure 4.1. Illustration of the architecture of clinoforms and clinothems, including the location of 

topset, foreset and bottomset segments and the two clinoform rollover points. Modified from Walsh 

et al. (2004).  
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Patruno et al., 2015). In outcrop the identification of rollover points can be difficult without 

characteristic changes in facies between the different clinoform segments (Helland-Hansen and 

Hampson, 2009). 

Clinoforms are identified at different scales related to certain depositional settings, such as a 

delta front, shelf slope and continental margin setting (Fig. 4.2). A clinoform can range from 

tens to thousands of meters in the vertical scale, and up to four types of clinoforms can be 

present along a shoreline to abyssal plain transect. From proximal to distal, this include 

subaerial deltas (or shorelines), subaqueous deltas, shelf prisms and continental margins. Even 

though it can occur, it is not common to find all four types of clinoforms simultaneously in the 

same basin. The size of the clinoforms are seen to increase progressively toward deeper waters, 

and they are deposited over increasingly larger time spans (Helland-Hansen and Hampson, 

2009; Patruno et al., 2015).  

Clinoform profiles can be described by quantitative methods, by using the classifications by 

Adams and Schlager (2000) and later Anell and Midtkandal (2015). Adams and Schlager (2000) 

recognized three slope curvatures that could be described by linear, exponential or Gaussian 

slope curvature. These curvatures were used as a basis for the clinothem classification by Anell 

and Midtkandal (2015). Nine different clinothems are suggested, including 1) oblique, 2) 

tangential oblique, 3) tangential oblique chaotic, 4) sigmoidal symmetrical, 5) sigmoidal 

divergent, 6) sigmoidal chaotic, 7) asymmetrical top-heavy, 8) asymmetrical bottom-heavy and 

9) complex (Fig. 4.3) (Anell and Midtkandal, 2015).  

Figure 4.2. Clinoforms at different scales, including delta, shelf-prism and continental margin 

clinoforms. A) shows a typical coumpound clinoform system, comprising both subaerial delta and 

subaqueous delta clinoforms. Modified from Helland‐Hansen and Hampson (2009) and Patruno 

et al. (2015). 
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4.1.2 Parameters affecting clinothem geometry 

Accommodation is commonly agreed on to be the main influence on the development of 

individual clinothem geometries, accompanied by sediment input (Carvajal and Steel, 2006; 

Carvajal et al., 2009; Anell and Midtkandal, 2015). Basins with deep waters, and thereby large 

accommodation,  are associated with clinoforms with steeper slopes than their shallow water 

equivalent (Pirmez et al., 1998; Patruno et al., 2015). High sediment input is related to gentle 

slopes (O'Grady et al., 2000). Variations of the clinothem geometry is further influenced by the 

pre-existing topography, grain size and depositional and post-depositional processes (energy 

conditions in the basin) (Gilbert, 1885; Orton and Reading, 1993; Pirmez et al., 1998; Patruno 

et al., 2015).  

The physiography of the receiving basin influences the development of the slope gradient 

through time, as clinoforms developing on a sloping ramp result in a foreset slope that increases 

with time. However, if the clinoforms develop on a flat surface with no change in other 

conditions, the foreset slope will be constant (Pirmez et al., 1998). Variations in grain size 

affects the settling rate of the sediment, and increasing grain size results in steeper foreset 

slopes. In addition, the grain size is an important factor modifying the effectiveness of the 

physical processes of the delta front, including flow processes at the river mouth, wave-, tidal- 

and gravitational processes (Gilbert, 1885; Orton and Reading, 1993; Pirmez et al., 1998). 

Basinal processes such as wave, current, tidal  and gravitational processes can redistribute 

Figure 4.3. The different types of clinothems subdivided by Anell and Midtkandal (2015). The 

primary subdivision is based on slope curvature, linear, exponential and Gaussian (Anell and 

Midtkandal, 2015). 
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sediment transported into the basin by rivers, and significantly affect the facies distribution and 

the morphology of the clinothems (Coleman and Wright, 1975; Galloway, 1975). These effects 

will be discussed in the following section. 

4.2 Controlling factors of delta development 

4.2.1 Depositional architecture 

Patterns of deposition can over time be recognized in delta successions. They are thought to 

reflect dynamic interactions between the creation of accommodation (A) and the sediment 

supplied to the basin (S) (Jervey, 1988; Galloway, 1989; Catuneanu and Zecchin, 2012). 

Accommodation is defined as the space available for sediment to accumulate (Jervey, 1988). 

The sediment supply and creation of accommodation can be influenced by both allogenic and 

autogenic processes. Autogenic controls on delta development are internal processes in the 

depositional system, and affects small-scale changes in delta architecture. Allogenic processes 

are external to the depositional system, and provides large-scale changes in delta architecture. 

The creation of marine accommodation is primarily a function of eustasy and basin tectonism, 

affected by fluctuations in wave and current energy at a smaller scale (Catuneanu et al., 2011). 

Allogenic and autogenic control mechanisms can interact with each other, and they can 

therefore be challenging to identify and separate (Catuneanu et al., 2011; Catuneanu and 

Zecchin, 2012). 

Different depositional architectures are presented in Figure 4.4, representing different stacking 

patterns. The progradational architectures develop when the supply of sediment into the basin 

exceeds the creation of accommodation (S>A). These architectures represent a basinward shift 

of the facies belt, either during a static sea level or during sea level rise (Myers and Milton, 

1996). The latter is defined as normal regression, and the shoreline shows both forestepping 

and upstepping. If the relative sea level falls, the accommodation will decrease and the shoreline 

will be forced to regress. This is called forced regression, and can be either non-accretionary or 

accretionary (Catuneanu et al., 2011). If the sediment supply is equal to the creation of 

accommodation (S=A), an aggradational architecture will develop. This represents a stable 

shoreline, and the facies belt is stacked vertically. Due to the fact that the creation of 

accommodation and the sediment supply are independently controlled by different mechanisms, 

aggradational architectures are not likely to be maintained for any significant periods of time 
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(Jervey, 1988; Myers and Milton, 1996; Catuneanu et al., 2011). When the creation of 

accommodation exceeds the sediment input (S<A), retrogradational architecture will develop. 

A retrogradational architecture represents backstepping of the shoreline, and landward 

migration of the facies belt.  When the creation of accommodation is too high compared to the 

sediment supply, the shoreline migrates landwards without sediment deposition. This 

architecture is defined as transgressive (Jervey, 1988; Myers and Milton, 1996; Catuneanu et 

al., 2011).  

4.2.2 Classification of deltas 

A delta accumulates where rivers supply sediment into a basin more rapidly than basinal 

processes manage to redistribute the sediment. The development of the morphology of a delta 

is therefore partly related to the balance between fluvial and basinal processes (Galloway, 

1975). 

The interplay between fluvial and marine processes produces a variety of delta morphologies, 

and Galloway (1975) created a tripartite classification separating different delta morphologies 

based on the dominating process. The end-members of this classification are fluvial-dominated, 

wave-dominated and tide-dominated, the three processes strong enough to transport 

considerable amounts of sand in a delta setting (except gravitational transport mechanisms, 

which move sediment out of the system).  The relative importance of each process was 

interpreted to determine the characteristics of the sand body distribution and the plain-view 

morphology of a delta (Coleman and Wright, 1975; Galloway, 1975).  

The tripartite classification of Galloway (1975) was extended by Dalrymple et al. (1992) to 

include a third dimension, relative time, to form a triangular prism. The relative time refers to 

changes in relative sea level and sediment supply, which supplies an evolutionary classification 

of coastal systems (Boyd et al., 1992; Dalrymple et al., 1992). Ainsworth et al. (2008) combined 

the tripartite classification of deltas (Galloway, 1975), the relevance of basin morphology 

(Coleman and Wright, 1975) and the A/S ratio (Boyd et al., 1992; Dalrymple et al., 1992), and 

suggested a generalized predictive model for coastal depositional style in a sequence 

stratigraphic context. Orton and Reading (1993) introduced grain size to the classification, 

arguing that the characteristics of sediment input influence the type of delta deposited through 

the gradient and channel patterns on the delta plain, the flow regime at the river mouth, the type 
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of shoreline and the nature of deformation and resedimentation processes on the subaqueous 

delta slope. 

Most modern deltas are not characterized as end-members of the tripartite classification. These 

deltas show influence from several processes, and are classified as mixed-energy settings 

(Bhattacharya, 2006; Gani and Bhattacharya, 2007; Yoshida et al., 2007). Mixed energy 

settings can show local variation in the predominant process affecting the sediments. Wave 

energy is usually highest around the mouth of the delta, decreasing landwards due to friction 

and sheltering. Tidal energy increases landward, before decreasing towards the tidal limit. 

Fluvial energy is highest in the proximal parts of the delta, and decreases seawards. Changes in 

facies through a stratigraphic succession is therefore not necessarily a product of regional 

change in the dominance of fluvial, wave or tidal processes (Yoshida et al., 2007). 

4.2.3 Fluvial and basinal processes affecting delta front development 

As suggested by the numerous expansions of the original tripartite classification by Galloway 

(1975), there are many factors affecting the distribution of sand on the delta front. In the 

following section the main fluvial and basinal processes will be summarized. 

Fluvial processes 

River mouths are the most fundamental part of deltaic systems, as they are the dispersal point 

of river-derived sediments. The primary processes affecting the spreading and deposition of 

river-derived sediments at the delta front are related directly to the interactions between the 

fluvial input (effluent) and the basinal water (ambient) (Wright, 1977). The behaviour of the 

effluent as it enters equally dense, denser or less dense basin water was described by Bates 

(1953), and are referred to as homopycnal, hyperpycnal or hypopycnal flows respectively. 

Wright (1977) related the distribution and deposition of the effluent to the relative dominance 

of: (1) outflow inertia and associated turbulent diffusion, (2) turbulent bed friction basinward 

of the river and (3) the buoyancy of the outflow (Wright, 1977). The individual importance of 

each of these forces includes discharge rate and outflow velocity of the stream, water depths at 

and seaward of the river mouth, density contrast between river and basin waters and the amount 

and grain size of the sediment load (Wright, 1977).  The importance of the sediment load was 

recognized by Orton and Reading (1993), who suggested that the discharge processes at the 

river mouth had to take into account the different mixing behaviours of suspended load, mixed 
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load and bed load in addition to gravelly bed loads and mass-flow dominated channels. 

Combining the concepts of Bates (1953), Wright (1977) and Orton and Reading (1993), the 

complex relationship between sediment grain size and flow conditions at the river mouth can 

be described. 

Hypopycnal, buoyancy-dominated river mouths 

A hypopycnal flow is created when the river outflow is less dense than the basin water, and the 

river water flows on top of the basin water allowing the intrusion of a salt wedge below the 

effluent (Fig. 4.5). These rivers are often dominated by fine-grained suspended load, and 

favours buoyancy dominated mixing patterns (Bates, 1953; Wright, 1977; Orton and Reading, 

1993). Near the river mouth turbulent mixing is intense because of the initial thinning of the 

effluent, and the rapid deceleration results in deposition of the coarsest material in distributary 

mouth bars. These are formed as narrow bar-finger sands, inhibited from lateral spreading (Fig. 

4.5). Sediment in suspension can be transported considerable distances from the river mouth 

before deposition, because of a very gradual thinning and deceleration of the buoyant effluent 

(Orton and Reading, 1993). These river mouths tend to generate low angle, large active delta 

fronts (Bates, 1953; Wright, 1977; Orton and Reading, 1993; Boggs, 2014). 

Homopycnal, friction-dominated river mouths 

When the effluent and the basin water have the same density, a homopycnal flow will occur 

(Bates, 1953). This is typical flow processes in bed load and mixed load-rivers, which often 

are characterized by shallow depths that increase turbulent bed friction (Fig. 4.5) (Wright, 

1977; Orton and Reading, 1993). The water masses will immediate mix at the river mouth, 

and the sediments will be rapidly deposited as the flow expands and decelerates, creating 

middle-ground bar that leads to bifurcating channels promoted by the shallow channel-depth. 

The spreading angle is wide (Fig. 4.5), as the river output only can expand in a horizontal 

direction (Orton and Reading, 1993).  

Homopycnal and hyperpycnal, inertia-dominated river mouths 

Inertia dominated river mouths can occur when the slope is steep enough to allow the effluent 

to be distributed in both the vertical and horizontal direction (Boggs, 2014). In coarse grained 

bed load dominated channels, the depositional process at the river mouth vary based on the  
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mechanism of sediment input (Fig. 4.5) (Orton and Reading, 1993). If the density of the effluent 

is similar to the density of the basin water, a homopycnal inertia dominated flow may occur. In 

a homopycnal flow there is rapid mixing at the river mouth, and the coarsest sediment load is 

immediately deposited resulting in Gilbert-type (Fig. 4.5). When the channel is dominated by 

mass-flows and flash floods, the effluent has a higher density than the basin water and the 

mixing with the basin water at the river mouth will be more limited. This results in hyperpycnal 

flows, where the river sediment is transported beneath the basin water as density currents (Fig. 

4.5). Some density flows spread out and freeze on the delta slope because of bed friction, while 

more diluted turbidite currens may bypass the upper delta slope and restrict the progradation of 

the delta (Bates, 1953; Orton and Reading, 1993). 

Figure 4.5. Flow conditions at the river mouth related to the control of grain size on mixing behavior. 

The figure is modified from an illustration by Orton and Reading (1993). 
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Influence of waves and tides 

High wave or tide influence relative to fluvial processes affects the geometry and distribution 

of deltaic sands. High nearshore wave influence is associated with steep offshore slopes, which 

consists of well sorted permeable sands trending toward a high quartz content (Coleman and 

Wright, 1975).Wave activity sorts the sediments, and creates a basinward fining distribution. 

In addition, high wave energy increases the mixing of the effluent river water and the basin 

water at the river mouth, resulting in rapid deposition of the coarsest material close to the 

shoreline while finer deposits are transported offshore (Fig. 4.6) (Elliott, 1986). The build-up 

of water nearshore initiates large scale nearshore circulation patterns, including both longshore 

and seaward directed currents (Orton and Reading, 1993). An oblique wave approach to the 

shoreline creates longshore currents that redistributes river mouth deposits parallel to the 

shoreline and create beaches, barriers and spits (Fig. 4.6). Longshore growth of spits can confine 

the distributary channel and cause the channel to flow longshore for several kilometres 

(Galloway, 1975; Elliott, 1986; Orton and Reading, 1993). Large rip current systems can form 

on the flanks of a delta, transporting large amounts of upper delta front sediments basinward 

(Elliott, 1986).  

In deltas where tidal processes dominate, the river mouth sediments are reworked into linear 

subaqueous sand ridges by bidirectional currents (Fig. 4.7). Similar to wave processes, tidal 

processes increase mixing between the effluent river water and the basin water, resulting in 

rapid deposition at the river mouth (Elliott, 1986). When the tidal dominance is high, the direct 

fluvial input can be confined to the upper part of the delta plain, which makes the sedimentation 

on the lower delta plain and delta front directly related to the tidal current regime. During 

periods of higher fluvial discharge, e.g. during major river floods, the tidal regime of the delta 

front can be disturbed (Elliott, 1986). The linear tidal ridges are oriented parallel to the tidal 

currents, and extend from within the channel mouth and on to the subaqueous delta front (Fig. 

4.7) (Coleman and Wright, 1975; Boggs, 2014). Tidal bars are very stable, and can be tens of 

kilometres long and a few kilometres wide, while individual mouth bars are not likely to be 

connected with each other (Bhattacharya, 2006; Olariu and Bhattacharya, 2006). River mouths 

affected by high tidal energy are characterized by a bell-shape, with a zone of intense 

meandering at the head (Fig. 4.7) (Elliott, 1986). Distributary mouth areas and lower part of 

distributary channels may be influenced or dominated by tidal currents (Elliott, 1986). 
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Figure 4.6. Illustration of characteristic depositional patterns around river mouths affected by strong 

wave activity. A) Normal wave approach. B) Oblique wave approach. Modified from Wright (1977). 

Figure 4.7. Illustration of a characteristic tide dominated river mouth. The channel is bell-shaped 

with elongated tidal ridges. The tidal ridges are deposited parallel with the flow direction. Modified 

from Wright (1977). 
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Gravitational processes  

Gravitational transport mechanisms are a consequence of gravitational potential energy. 

Gravitational mechanisms transport both bed load and suspended load basinward, and thereby 

removing sediment from the delta and into the prodelta. Integrated networks may form, and in 

some cases they can disperse large quantities or all of the sediments introduced to the delta 

(Galloway, 1975). The origin of these mass flows has been debated, and two initiation 

mechanisms have been described. One scenario is that delta front-turbidites are a result of 

hyperpycnal flows from the proximal delta front, as described by e.g.  Mulder and Alexander 

(2001), Mulder et al. (2003), Tinterri (2007) and Zavala et al. (2011). The other scenario is 

based on the accumulation of sandy sediment in a proximal mouth bar, which becomes unstable 

as it reaches the threshold slope. As an effect of delta progradation, coarse grained material will 

be deposited on top of fine grained, clay-rich and porous sediments creating unstable slopes 

(Leeder, 2009). Drainage of pore fluid may be inhibited by rapid sedimentation, and high 

concentrations of methane gas can be present in the sediments due to bacterial decomposition 

of organic matter. These processes result in reduction of shear stress and physical strength, 

which can lead to gravity-driven deformations and mass movement also on low-angle slopes 

(below the angle of repose) (Whelan et al., 1976; Elliott, 1986; Nemec et al., 1988; Wolinsky 

and Pratson, 2007). The gravity driven deformation features include translational/rotational 

slides or slumps, sediment gravity flows, mud diapirs and growth faults (Elliott, 1986; Nemec 

et al., 1988; Huang and Garcı́a, 1999; Leeder, 2009). The rapid sedimentation is the largest 

reason for slope instability, although inherent gravitational instabilities can be triggered by 

external factors such as crustal tectonism and earthquakes, floods, storms and tidal fluctuations 

(Nemec et al., 1988; Wright et al., 2002; Bhattacharya, 2006). The evolution of clinoforms can 

be affected by gravitational mass movement in different ways, depending on the initial slope 

and the active gravitational transport mechanisms. As an example, waning, basinward thinning 

turbidites deposited on the foreset may steepen the slope gradient, while turbidite currents that 

bypass the foreset can decrease the height of the clinothem (bottomset to topset relief) (Gerber 

et al., 2008). In contrast to turbidites, debris flows are suggested to reduce the slope gradient 

(O’Grady and Syvitski, 2001; Gerber et al., 2008).  
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5 Chapter 5: Facies descriptions 

 

The sandy facies present in the studied part of the Sobrarbe Formation are affected by extensive 

bioturbation. To differentiate between different sandy depositional environments and 

depositional processes, the bioturbation index of Droser and Bottjer (1989) has been used as a 

guide. Droser and Bottjer (1989) classifies sediments that are not affected by bioturbation and 

still includes all the original sedimentary structures with a bioturbation-index of 1. Deposits 

that are completely reworked and homogenized by bioturbation are classified by a bioturbation-

index of 6. To simplify the use of the bioturbation-index, this thesis uses an index from 0-5. A 

bioturbation-index of 0 represents no present bioturbation, and represents a bioturbation-index 

of 1 by Droser and Bottjer (1989). A index of 5 represents thoroughly bioturbated deposits, and 

is thereby the same as a bioturbation-index of 6 by Droser and Bottjer (1989). 

Facies A – Blue-grey silty mudstone  

Description 

This facies consists of uniform units of a blue-grey silty mudstone (Fig. 5.1). The thickness of 

these units range from one meter to tens of meters, and extensive weathering makes it difficult 

to distinguish bedding boundaries and internal structures. Facies A can be followed laterally for 

long distances, and is the most abundant facies. Considerable weathering of the outcrops can 

make it difficult to determine the degree of bioturbation. Some horizontal trace fossils are 

present in Log 1, located in the half meter preceding sharp based sandstones. Better 

consolidated, structureless units with a higher amount of silt are located in Log 1 and 2 (Fig. 

5.1a). These layers are 10 cm-1 m thick, usually around 25 cm, and can be observed frequently 

in the lower parts of Log 2. Planolites are present in some of these layers, and the bioturbation 

index is 0-1. In outcrop the silty mudstone tends to weather easily, and creates characteristic 

steep scree slopes (Fig. 5.1b). These slopes are sometimes covered by vegetation, and the 

unexposed sections on the logs are often the silty mudstone of Facies A. Facies A is present in 

Log 1, 2, 3 and 4, in addition to Log CT1-I, -II, -III, -IV and –V and Log CT5-IV. 

Interpretation 

The combination of grain sizes from clay to silt and the absence of structures indicating 

transport or reworking by waves suggest deposition during standing water conditions through 
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suspension settling (Hjulström, 1939). Indications of suspension settling combined with the 

lateral extension of the facies can suggest deposition below storm wave base, in the offshore 

environment. Facies A can be compared with Lithofacies 1 of Hall (1997) and Facies 1 of 

Wadsworth (1994) from the Sobrarbe formation. Hall (1997) described the mineralogy of the 

lithofacies, and classified the silty mudstone as a calcareous mudstone. Wadsworth (1994) 

interpreted the facies to be marl based on the carbonate content. Both Hall (1997) and 

Wadsworth (1994) described evidences for background bioturbation indicating a marine 

environment (Thalassinoides, Planolites and Teichichnus).  

Facies B  

Description 

This facies consists of clearly defined beds with grain sizes from very fine to upper fine sand. 

Grading is either absent or poorly developed. The boundaries are often wavy, and the beds sharp 

based (Fig. 5.2). Individual beds are from 1-30 cm thick, and can be found stacked in packages 

that are up to 60 cm thick. Usually 2-4 beds are stacked on top of each other, creating a package 

that is about 25 cm thick. Facies B is closely associated with Facies A, and the marl of Facies 

A are normally surrounding the thin sandstone layers of Facies B. Facies A can also be found 

as millimetre thick layers in between stacked beds of Facies B. Facies B can be divided into 

two subfacies, Ba and Bb, based on the bed boundaries and the visibility of internal structures 

observed in outcrops.  

 

 

Figure 5.1. Illustrations of how Facies A appears in outcrop. a) The blue-grey silty mudstone is depicted 

including one of the siltier and more consolidated sections. b) Facies A form scree slopes, as indicated by 

the three arrows. The picture shows Log 2, and is taken from Log 3.  
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Facies B1 – Thin bedded sandstone 

Facies B1 are well sorted and have clear boundaries (Fig. 5.2a). The lower boundary is either 

flat or wavy, while the upper boundary is generally wavy. The sand beds do not contain vertical 

or inclined trace fossils, but horizontal traces in the form of Planolites are present on the bed 

surfaces (Fig 5.2b). The bioturbation index is 0-1, and internal structures can therefore be seen 

at some localities. Facies B1 includes either structureless beds, parallel laminae or directional 

ripples. Upwards transition from parallel laminae at the bottom to structureless sandstone 

towards the top, or upwards transition from an erosional lower boundary to asymmertrical 

ripples are typical for Facies B1.  Features such as phosphorite and nummulites can be found 

in certain beds, but this is not characteristic of this facies. Facies B1 is more abundant than 

Facies B2, and can be found in Log 1, 2, 3 and 4, in addition to Log CT1-II, -III, -IV and -V.  

 

Figure 5.2. a) Illustrates a stacked package of Facies B1, located in Log 2. Sharb boundaries are located 

both on the upper and lower side of each bed. Facies B2. b) Planolites, marked by arrows, are present at 

the upper boundary of a bed from Facies B1. c) Facies B2 shows wavy upper and lower boundaries, and 

no internal structures can be observed in outcrop. 
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Facies B2 – Thin bedded bioturbated sandstone 

Facies B2 includes both horizontal, vertical and inclined trace fossils, and the bioturbation index 

is from 4-5. Some of the horizontal and inclined traces might be Planolites. No internal 

structures can be observed in outcrop (Fig. 5.2c). The bed boundaries are less clearly defined 

than in Facies B1, and the upper and lower boundary are wavy in outcrop. Facies B2 is present 

in Log 1 and 3. 

Interpretation 

The presence of nummulites indicate a marine environment (Lalueza, 2009). Lack of signs 

indicating reworking by waves after deposition suggests deposition below storm weather wave 

base. Facies B occurs as thin sandstone beds surrounded by marl, and is therefore closely 

associated with Facies A, and interpreted to have been deposited in the same environment. The 

rapid increase in grain size and the sharp base indicate deposition during episodic events of a 

higher energy (Hjulström, 1939).   

The beds of Facies B1 that show transition from a sharp base, and up into asymmetrical ripples, 

parallel laminae or structureless sandstone indicate active traction currents (Shanmugam et al., 

1993). Reduction of the competence of these currents resulted in the vertical transition from 

high to lower energy that can be observed in some beds. The well sorted sandstone and the 

poorly developed or absent grading suggest that these deposits can have been transported out 

into the offshore-transition zone by turbidity currents (Mutti, 1977). The thin very fine to upper 

fine grained sand beds suggest deposition in an outer-fan depositional environment (Nichols, 

2009), and can be compared with the outer-fan turbidites described in the San Vicente formation 

(Hecho Group) by Mutti (1977). These beds could be correlated with Lithofacies 3 of Hall 

(1997), and he suggested that the thin turbidite beds could be overbank deposists related to 

described turbidity channels in the same area. 

Lack of internal structures in Facies B2 makes is challenging to distinguish between different 

types of mass transport, and opens for a wider interpretation. The sandy layers in B2 may have 

the same origin as the sandy layers in B1, but the sandy layers could also be caused by either 

storm activity or hyperpycnal flows (Elliott, 1986). The messy appearance of these beds in 

outcrop suggests extensive reworking by trace fossils, but an additional possible explanation 

could be whirling of the sediments during or directly after deposition. The amount of trace 

fossils observed in Facies B2 compared to Facies B1 suggests more favourable living conditions 
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at Facies B2, where organisms had time to rework the sediments and the rate of bioturbation 

was higher than the rate of sedimentation (Gingras et al., 2007).  

Facies C – Structureless very fine sandstone 

Description 

Facies C consists of sharp based beds of very fine sand. The layers have a thickness of 0,5-1 m 

and occur either as one single bed or two stacked beds (Fig. 5.3a). No internal structures are 

observed at any of the locations, while the mollusc Chámidae Chama, shell fragments and 

horizontal, vertical and inclined trace fossils (2-3 mm in diameter) can be observed occasionally 

(Fig. 5.3b). The bioturbation index is 0-1, and the deposits weather like a homogenous package 

in outcrop (Fig. 5.3). Observed fractures have a conchoidal shape. Facies C is generally 

associated with Facies A, and can be observed in the lowermost parts of Log 1, 2 and 4, and in 

Log CT1-V.  

Interpretation 

Facies C is closely associated with Facies A, and this close relationship suggests that Facies C 

is deposited in the same environment as Facies A. The increase in grain size from Facies A to 

Facies C indicates an increase in energy in the depositional mechanisms (Hjulström, 1939). The 

mollusc Chámidae Chama is benthic and adapted to warm coastal areas (Lalueza, 2009), and 

is interpreted to have been transported with the sediments down into the offshore environment. 

Combined with the sharp basal boundary and the structureless appearance, Facies C is 

suggested to be deposited by a mass transport mechanism. Rapid deposition from a mass 

transport correlates well with the low degree of bioturbation. The structureless and homogenous 

appearance of the deposits suggests deposition from a debris flow containing a small range of 

grain sizes (mud flow) (Collinson et al., 2006). Debris flows can be caused by increased 

Figure 5.3. This figure includes pictures of Facies C from the lowermost part of Log 1. a) Two beds of Facie 

C are stacked on top of each other, which is also illustrated in the log. b) The mollusc Chámidae Chama 

observed in the uppermost layer.   
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sediment load on a slope or shocks, and are deposited as “frozen” debris flows when the flow 

loses its competence (Collinson et al., 2006). 

Facies D – Thoroughly bioturbated sandstone 

Description 

Facies D consists of very fine to lower fine sandstone beds, and the thickness of the successions 

varies from 1 to 25 m, generally between 5 to 10 meters thick. The bioturbation index is 4-5, 

including both vertical, horizontal and inclined trace fossils, and it is therefore difficult to 

distinguish separate beds in the successions. A characteristic homogenous weathering defines 

these deposits in outcrop, where they create rounded slopes (Fig. 5.4). Facies D has great lateral 

extent, and can be followed over large parts of the delta. The deposits are present in Log 1, 2, 

3 and 4, Log CT1-I and Log CT5-I, -II, -III, -IV and –V, and is the second most abundant facies. 

Nummulites ranging from 1 mm to 2 cm in diameter are found at all localities (Fig. 5.5), either 

distributed equally throughout the successions or decreasing in number and size towards the 

top of the package. Shell fragments are also present at all localities where this facies is present 

(Fig. 5.5). Gastropods (Neritidae Velates) are common in Facies D, and they are often present 

in the upper part of the succession. However, at some localities the Velates gastropods can also 

be found in the lower part of the successions. The Velates gastropods have a diameter of 8-10 

cm, and are oriented with the base down, suggesting deposition in the living position. Echinoids 

are not an uncommon feature in this facies, and both whole echinoids and echinoid fragments 

including the spine are present in Log 3 and 4 (Fig. 5.5). The fragments are interpreted to 

represent Erizos regulares (Cidaridae cf. Prionocidaris) and the whole specimens are 

interpreted to represent Erizos irregulares (Maretiidae cf. Eupatagus). 

Interpretation 

The lack of sedimentary structures and the extensive bioturbation make it challenging to 

interpret the depositional environment of Facies D. The structureless appearance of these 

deposits can either be a consequence of the extensive bioturbation, or that the deposits were 

originally structureless (Droser and Bottjer, 1986). The extensive bioturbation indicates 

favourable living conditions and that the sedimentation rates were low enough to give the 

organisms time to rework the sediments (Gingras et al., 2007). The fauna present in the deposits 

indicates a marine environment (Lalueza, 2009), and the very fine to lower fine sand represents 

higher energy conditions than in the previously described Facies A (Hjulström, 1939). This may 
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suggest a more shallow marine environment and this interpretation is strengthened by the 

presence of Maretiidae Eupatagus, which is a benthic echinoid adapted to conditions near the 

shore (Lalueza, 2009). 

The fact that all the Velates gastropods are preserved in their living position suggests that Facies 

D are autochthonous deposits. The shell fragments and nummulites present in Facies D were 

not oriented, which could be explained by the extensive reworking of the sediments. This facies 

can be correlated with Lithofacies 5a and b of Hall (1997). Hall (1997) describes scours in 

Lithofacies 5a, and interpreted Lithofacies 5a and b to be deposited between fair-weather and 

storm-weather wave base by settling from storm currents.  

Figure 5.4. The picture shows a characteristic outcrop of Facies D. The rounded slopes are a result of 

weathering of a homogenous sediment package.  

Figure 5.5. a) and b) represent preserved echinoid fragments. a) shows as an echinoid spine, while b) 

shows a fragment of the Erizos irregulares Maretiidae cf Eupatagus. c) White arrows indicate the 

location of nummulites and a shell fragment.  
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Facies E – Cross-stratified sandstone 

Description 

Facies E consists of moderately sorted fine to upper fine sand, and shows either trough cross 

stratification or low angle tangential cross stratification. The thickness of the successions varies 

from 50 cm to 2 m, and the thickness of the lamination are from 4 mm to 1 cm. The amount of 

bioturbation in this facies is low, and the bioturbation index is 0-2. At one location in Log 3, a 

2 m thick succession that contains a complex of trough cross stratification is present (Fig. 5.6). 

Each bed is 10-15 cm thick, and pinch out in different directions.  

Individual beds are generally truncated by the overlying bed. Internal laminations are disturbed 

by some bioturbation and weathering of the outcrop, and it is therefore challenging to determine 

if the complex is trough cross laminated or trough cross bedded. Further up in Log 3, tangential 

geometries with variable dips can be found in low angled cross lamination (Fig. 5.6). 

Truncations are common, and mark changes in the orientation of the lamination. Facies E can 

be found in Log 3 and Log CT5-III.  

 

 

Figure 5.6. a) and b) show the interpreted truncations (red) and the geometries of the low angle 

cross lamination (white) in Log 3. Note the changes in orientation of the lamination on each side of 

the truncations, and the tangential geometry of the uppermost part of the succession.  
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Interpretation 

The tangential low angle cross stratification indicates the presence of traction currents and 

deposition in the upper part of the lower flow regime (Simons et al., 1961; Shanmugam et al., 

1993). The upper fine grain size and low degree of bioturbation supports deposition of this 

facies in a high energy environment, as a low degree of bioturbation is associated with high 

energy environments (Hjulström, 1939; Gingras et al., 2007). Low angle cross stratification can 

be present in both foreshore and shoreface depositional environments, but the angle of the 

laminations, the tangential geometries and the moderate sorting suggest deposition in the 

shoreface environment (Dumas and Arnott, 2006). These deposits are therefore interpreted to 

represent downstream migration of large-scale 3D dunes, which are common in the upper 

shoreface environment (McCubbin, 1982). The trough cross stratified complex with the 

truncated pinch-out beds in Log 3 are interpreted as a cross-section of migrating dunes, 

indicating transport in an apparent NW-SE direction. 

Facies F – Planar parallel laminated sandstone 

Description 

Facies F is present in very fine to medium grained beds, and the deposits are characterized by 

continuous planar parallel laminations that are parallel to the bedding (Fig. 5.7). The thickness 

of each bed ranges from 25 cm to 1 m, and the normal thickness is 25 cm. The internal 

laminations are from 1 mm-1cm, normally 1 cm. The abundance of trace fossils is low, and the 

bioturbation index is 0-1. Facies F can be found in Log 3 and 4. 

Interpretation 

Planar parallel lamination can be found both in the lower and the upper flow regime, but the 

planar parallel lamination formed in the lower flow regime cannot be formed by sediments with 

a grain size finer than 0,6 mm (Paola et al., 1989). The very fine to medium grain size of Facies 

F therefore indicates deposition during an upper flow regime (Simons et al., 1961). The low 

degree of bioturbation can be explained by poor living conditions, and could suggest that the 

sedimentation rate exceeded the rate of bioturbation (Gingras et al., 2007). Parallel planar 

lamination can be formed by different mechanisms, such as turbidites and other high energy 

processes (Simons et al., 1961; Leclair and Arnott, 2005). To be able to find a more limited 

depositional environment, the associated facies have to be considered. 
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Facies G  

Facies G1 – Structureless sandstone 

Description 

Facies G includes grain sizes between very fine and coarse sand, and are characterized by the 

absence of internal sedimentary structures. The successions of this facies are between 20 cm 

and 3 m thick, and often include several beds stacked on top of each other. Individual beds are 

from 20 cm to 1 m thick, and the general bed thickness are approximately 20 cm. The 

bioturbation index varies from 0-3, and trace fossils included in Facies G are Skolithos, 

Ophiomorpha cf. nodosa (vertical), Ophiomorpha cf. irregulaire (horizontal). A large 

assemblage of Ophiomorpha cf. nodosa and Ophiomorpha cf. irregulaire can be found at 

certain levels in Log 4, either towards the top or bottom of sandy beds (Fig. 5.8). The Skolitos 

trace fossil is 15 cm long, while the trace fossils of Ophiomorpha cf. nodosa are up to 20 cm 

long. The thickness of individual Ophiomorpha cf. nodosa traces can be up to 1,5 cm. This 

facies is present in Log 3 and 4. 

 

 

Figure 5.7. The illustration shows 3 mm thick planar parallel lamination, located in Log 3. 
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Interpretation 

Hamblin (1965) analysed samples of homogenous sandstones studied by the use of x-ray 

radiography, and the results showed that almost all the samples had internal structures. He 

concluded that seemingly homogenous sandstones not necessarily represent a specific 

sedimentary environment, or result from special rates of sedimentation (Hamblin, 1965). 

Structureless beds are rare, but they do exist (Boggs, 2014). The information collected in field 

are not enough to determine if the beds are actually structureless, and the depositional process 

is therefore speculative.  

The formation of a structureless sandstone are thought to take place when traction currents are 

absent, and the sediment is deposited rapidly from suspension or from a density current 

(Hamblin, 1965; Boggs, 2014). Sudden shocks can also cause liquefaction of the sediments, 

which can remove the primary sedimentary structures and result in a structureless sandstone 

(Boggs, 2014). The low amount of bioturbation in Facies G1 supports an interpretation of rapid 

deposition of the sediments, because high sedimentation rates are limiting to the bioturbation 

(Gingras et al., 2007). Variations in the sedimentation rate can therefore be used to explain why 

the present trace fossils of Ophiomorpha in Log 4 are situated in clusters toward the top or 

bottom of beds. This assemblage includes only Ophiomorpha cf. nodosa and Ophiomorpha cf. 

irregulaire, and this monospecific assemblage suggests opportunistic colonization behaviour 

and restricted environmental conditions (Nagy et al., 2016). Ophiomorpha cf. nodosa is 

Figure 5.8. The pictures show the structureless sandstone of facies G1, including the trace fossils 

Ophiomorpha cf. nodosa and Ophiomorpha cf. irregulaire. The burrows of Ophiomorpha cf. nodosa 

can be up to 1,5 cm thick and 20 cm long. 
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characteristic for high energy environments (Nagy et al., 2016). The length and thickness of the 

trace fossils in Facies G1 suggest that the amount of dissolved oxygen was high enough to 

support large animals at the seafloor, and that the salinity of the water was stable (Gingras et 

al., 2007). The trace fossil assemblage combined with the grain size including coarse sand and 

a low mud content and the moderate sorting suggest that this facies was deposited in a shallow 

high-energy environment. 

Facies G2 – Structureless sandstone with rapid changes in grain size 

Description 

Facies G2 is also based on structureless sandstones, but in contrast to Facies G1, this facies 

includes abundant changes in grain size. Thin beds or lenses of fine to coarse grained sand and 

extrabasinal pebbles up to 3 cm are present within structureless upper fine to medium grained 

sandstone beds (Fig. 5.9). The successions of Facies G2 range from 50 cm to 1 m, and the 

thickness of individual beds are from 20 to 50 cm. The interrupting layers are 10-25 cm thick, 

and are generally coarse grained and thereby coarser than the surrounding structureless 

sandstone. Exceptions are found in the upper part of the succession in Log 2, where a wedge of 

fine grained sand are present in a structureless medium grained sand. The interrupting beds or 

lenses can show internal structures such as planar and tangential cross lamination. Scours and 

erosional boundaries between beds and beneath lenses of coarser material are common. Cavities 

interpreted to represent mud clasts are present at certain levels. The bioturbation index is 0-2. 

Signs of reworking of the sediments are present in Log 4, but individual trace fossils cannot be 

identified. The sandstones appear less weathered than in other parts of the delta. Facies G2 is 

closely associated with Facies G1, and is present in Log 3 and 4. 

Interpretation 

Facies G2 shows several changes is grain size, which indicate variable energy conditions 

(Hjulström, 1939). The low degree of bioturbation suggests that the rate of sedimentation may 

have been too high for organisms to thrive at the seafloor (Gingras et al., 2007). Lag of pebbles, 

internal scour marks and the increase in grain size in the interrupting lenses or thin beds suggest 

erosive high-energy events, which could have been caused by flood-events or storm activity 

(Bates, 1953; Dott and Bourgeois, 1982). The presence of cross stratification indicates traction 

currents and velocities in the lower flow regime (Simons et al., 1961; Shanmugam et al., 1993). 
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Facies H – Conglomerate with nummulites 

Description 

Facies H consists of single bedded very fine to fine grained sand with a nummulite content 

estimated to be between 5%-40% (matrix-supported). The beds are from 25 cm to 2 m thick 

and show no evidence of wave- and current-induced sedimentary structures (Fig. 5.10), except 

planar cross bedding in one bed in Log 3. The size of the nummulites range from 0,2-1,5 cm, 

and the amount of small nummulites (0,2-0,5 cm) is generally higher than the amount of large 

nummulites (0,5-1,5). At several locations in Log 4, the nummulites are concentrated in bands. 

These bands consist of 30-40% nummulites that are oriented approximately parallel to the 

bedding, and the bands are generally located toward the top of the beds. The nummulites 

generally show no specific orientation.  

The amount of small nummulites (0,25-0,5) relative to the large nummulites (0,5-1,5) increases 

basinward in the delta. A yellow to brown colour characterized the deposits in outcrop (Fig. 

5.10). The bioturbation index varies between 0 and 4, and include vertical, inclined and 

horizontal trace fossils. No trace fossils could be identified because of the bad preservation. 

Facies H is associated with Facies A, B and D, and is observed changing into Facies C 

downslope. Facies H is present in Log 1, 3 and 4, in addition to Log CT1-II, -III and –IV.  

Figure 5.9. Facies G2 Is characterized by rapid changes in grain size. A lag of pebbles are located at an 

erosional surface in Log 4. The pebbles are extrabasinal and can be up to 3 cm. 
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Interpretation 

Nummulites are benthic marine foraminifera that normally lives in the first centimetres of the 

bottom sediments at between 5 and 150 m depth (Lalueza, 2009). There are no present-day 

analogues of nummulites, and the ecological conditions and mechanisms forming the ancient 

large accumulation are not fully understood (Racey, 2001; Jorry et al., 2006; Mateu-Vicens et 

al., 2012). Dreyer et al. (1999) suggests that the accumulation of nummulites in the shallower 

parts of the Ainsa Basin could have occurred during periods of lower siliciclastic sedimentation 

rates.  

The size of the nummulites can vary, partly dependent on the distribution of the two generations 

of nummulites called A- and B-forms. The asexually produced A-forms can have a diameter of 

0,25-2,5 cm, while the sexually produced B-forms can have diameters between 0,5-10 cm. 

Because of the overlapping size, the two generations can be difficult to separate for non-

specialists (Racey, 2001). Racey (2001) therefore suggests extreme cation when interpreting 

the degree of winnowing and reworking of the deposits based on the suggested A/B-ratios for 

normal assemblages. This interpretation will therefore be based on the hydraulic differences of 

small (0,25-0,5) and large (0,5-1,5 cm) nummulites, and not the ratio between A- and B-forms. 

The nummulite assemblages of Facies H have a higher relative amount of small nummulites 

than large nummulites. In the more distal parts of the logged area, the relative amount of small 

nummulites increases compared to the large nummulites. Some assemblages includes only 

nummulites smaller than 0,5 cm. Large nummulites are not necessarily less abundant in distal 

environment, and the enrichment of small nummulites in the distal deposits suggests that the 

deposits have been transported (Mateu-Vicens et al., 2012). This interpretation is based on the 

Figure 5.10. The nummulite assemblage at this location in Log 1 includes both small and large 

nummulites, and shows a characteristic yellow to brown colour. No preferred orientation of the 

nummulites are present. 
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fact that the size and weight of small nummulites makes them easier to transport than large 

nummulites (Mateu-Vicens et al., 2012). Imbrication of the nummulites at these locations 

strengthens this interpretation. Racey (2001) suggests that distal deposits enriched in small 

nummulites (A-forms) may have been transported to deeper areas by storm currents. Mateu-

Vicens et al. (2012) worked on the nummulite accumulations in Buil in the Ainsa Basin, and 

suggested that the Ainsa Basin was too small to produce the storm waves required to transport 

and deposit the large accumulations of nummulites that are present in the basin. Instead, they 

suggested that debris flows triggered by internal waves transported the nummulite assemblages 

out into the basin (Mateu-Vicens et al., 2012). Facies H is therefore interpreted to be 

allochthonous, parautochthonous and residual deposits (Aigner, 1984) transported and 

deposited by mass flows. The absence of sedimentary structures suggests deposition below the 

active wave-base.  

Facies I  

Facies I1 – Distal channelized sandstones 

Description 

Facies I1 consists of lower fine to lower medium grained sharp based sandstone beds, that 

laterally pinch out into the surrounding Facies A (Fig. 5.11). These restricted sandstone bodies 

can be found in Log 1, 2 and 3, and have a thickness of 2-5 m and a lateral extent of 15-20 m.  

Each sandstone bed is between 0,5 cm and 1,5 m thick, and Facies A is interbedded between 

the sandy layers (Fig. 5.12). The successions can be slightly finer grained in the lowermost part 

than the uppermost part, or show no distinct grading. An erosional boundary between the 

lowermost sandstone beds and the underlying Facies A are present at all localities. Erosional 

boundaries are also present between some of the sandstone beds, creating amalgamates 

sandstone bodies (Fig. 5.12). The lower part of the successions consists mostly of thin (0,5-10 

cm) beds, and the bed thickness increases upward in the successions (Fig. 5.12). The 

interbedded layers of marl (Facies A) are most prominent in the lower part of the successions, 

and both thickness and number of the marl layers decrease upwards in the successions (Fig. 

5.12). 

The sandstone is homogenous with a brown colour on the exposed surfaces, while recently 

exposed surfaces show a grey colour. The thick sand beds appear either structureless or 

include either parallel bedding or lamination. A wavy form is characteristic of the parallel 

stratification, and is especially visible in the lower part of the successions (Fig. 5.12). 
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Tangential cross stratification can be observed in the lower part of the succession in Log 1 

and the uppermost part of the succession in Log 2, but this is not an abundant feature in this 

facies. Load casts are present beneath thick sand beds at most of the locations, and soft-

sediment deformation in present in the lower part of the succession in Log 1. The bioturbation 

index is generally 0, but an inclined and two horizontal trace fossils are present in Log 2. 

Cavities from mud clasts are characteristic for the facies, and the size ranges from 2 mm to 3 

cm. The cavities can be found clustered at certain horizons, and can show imbrication and 

Figure 5.12. The figure represents a succession from Log 3. The thickness of the sand layers increases 

upwards in the succession, while the amount of interbedded marl decreases. Amalgamation of sand beds are 

present in the uppermost part. Wavy bedding and ripples are abundant in the lowermost part, and 

structureless layers become more abundant towards the top. 

Figure 5.11. One of the lowermost sand beds in Log 1 can be seen pinching out into the surrounding 

marl (Facies A). 
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orientation parallel to the bedding. Two of the three confined sandstone bodies are located at 

the same stratigraphic interval. 

Interpretation 

The restricted lateral extent of the sand layers of this facies and the characteristic lower 

erosional boundary suggest that Facies I1 consists of channelized deposit. The sandy deposits 

are surrounded by Facies A, and Facies I1 is therefore interpreted to be deposited below storm 

weather wave base in the same environment as Facies A. The rapid increase in grain size 

indicates a local increase in energy (Hjulström, 1939). The characteristic alternations between 

marl and lower fine to lower medium grain size suggest variable energy conditions during the 

deposition of the sandy successions. Variable energy conditions suggest that the deposition of 

sand was episodic, and not a continuous process. 

Absence of grading in the individual homogenous sand beds combined with the erosive or sharp 

base are characteristic for rapid deposition from a sediment gravity flow (Mulder and 

Alexander, 2001). This interpretation could explain why traction structures such as cross 

stratification, parallel bedding and lamination aren’t more abundant (Mulder and Alexander, 

2001). The presence of soft-sediment deformation suggests that the sediments were fluid-filled 

during deposition, a feature that is characteristic for turbidites (Posamentier and Walker, 2006). 

Load casts are also a feature known from turbidites, and are formed when sand is deposited on 

top of water-saturated mud (Kuenen, 1953; Kelling and Walton, 1957). Although traction 

structures are not abundant, they do exist. This suggests that there have been variations in the 

transport, and that sediment at times were moved through traction (Shanmugam et al., 1993). 

The sometimes amalgamated sandstones can also indicate that the flow at times had an erosive 

component (Mattern, 2002). Facies I1 can be compared to Facies 3B of Wadsworth (1994). 

Facies I2 – Proximal channelized sandstone 

Description 

This facies consists of sharp or erosive based fine to coarse grained grey sandstones in 

successions with thicknesses ranging from 40 cm to 4 m, including 1 or more beds. Individual 

sand layers are 7-40 cm thick, and show an amalgamated architecture (Fig. 5.13). Channelized 

sandstones consisting of 1 or 2 beds are most common, while a Locality in Log 1 (125 m) is 4 

m thick and includes several beds. The sand beds are generally thickest in the central part, and 

thins out laterally. Some layers can be seen pinch out into the surrounding Facies L. This facies 
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is present in Log 1 and 3, and shows either no grading or an upwards fining trend. The exact 

lateral extent of the successions was not possible to observe, because of modern erosion of the 

succession and vegetation. At 99,5 m in Log 1, the lateral extent can be estimated to be 

approximately 5 m. The degree of bioturbation of this facies is 0-2, including a few horizontal 

trace fossils and one vertical trace fossil. Shell fragments and 1-3 cm pebbles (extrabasinal) are 

present in two out of four locations, and cavities with diameters from 3 mm-2 cm indicating 

rip-up clasts are generally present. The sand beds are well consolidated and well sorted, and 

appear generally structureless in outcrop, except from beds with distinct tangential cross 

stratification and planar bedding in Log 1, 125 m (Fig. 5.13). The tangential cross stratification 

indicates apparent transport in a NE direction. One location includes parallel lamination and 

mud drapes that are inclined both in a N-NW and S-SE direction. Facies I2 is closely associated 

with Facies L. 

Interpretation 

The appearance of Facies I2 in outcrop is very similar to Facies I1. The amalgamated sandstones 

of Facies I2 indicate stable high energy conditions, although the mud drapes in Log 1 suggests 

some variabilities in the energy. This might be explained by changes in the flow conditions in 

the specific channel. The low degree of bioturbation and the well consolidated appearance are 

very characteristic in outcrop, and separate the succession clearly from over- and underlying 

facies. The low degree of biourbation could suggest high sedimentation rates, as the amount of 

bioturbation often is low when the sedimentation rate is high (Gingras et al., 2007). Combined 

Figure 5.13. This succession consists of amalgamated medium-grained sandstone beds, and includes 

tangential cross stratification at several levels. One shell fragment is present in the lowermost layer, 

and there are no signs of bioturbation. 
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with the lack of a basal coarse grained lag, the lateral confinement of the amalgamated sand 

beds and close associations with Facies L, terminal distributary channels are suggested as a 

possible depositional environment (Olariu and Bhattacharya, 2006). Alternation between 

massive beds and tangential cross stratification and evidence of rip-up clasts, fits well with the 

terminal distributary channels described by Olariu and Bhattacharya (2006). The thickness and 

width of the successions described are approximately the same as the smallest terminal 

distributary channels described by Olariu and Bhattacharya (2006). In addition, no evidence of 

subaerial exposure is present, and the grey colour suggests subaqueous deposition.  

Facies J  

Facies J1 – Wavy bedded sandstone 

Description 

Facies J includes lower fine to lower medium grained wavy bedded sandstone. The sandstone 

is generally fine grained and consists of 1-2 cm thick and clearly separated beds, presumably 

intercalated with less than 1 mm thick mud or silt layers. These thin layers were not observed, 

but their presence are based on the distinct separation of the sandstone layers. Symmetrical 

wave ripples are present in some of the sand beds (Fig. 5.14). Each succession of wavy bedded 

sandstone is between 45 cm and 2,75 m, and the degree of bioturbation is between 0-1, normally 

1. The thickness of individual sand layers can vary laterally, and the beds are not necessarily 

laterally continuous. Individual trace fossils are hard to identify because of poor preservation. 

The relative amount of sand compared to fine grained material is approximately 70%, and some 

of the sand beds are poorly sorted. In Log 4, two approximately 25 cm thick successions of fine 

grained cross bedded sandstones are present. These deposits are thicker and better consolidated 

than the wavy bedded deposits of this facies. The palaeocurrent measurements from these cross 

beds show an apparent palaeocurrent direction towards N-NW. Each of the cross beds are 10-

15 cm thick, and these deposits include Ophiomorpha and Planolites. Wavy bedded sandstone 

is present in Log 1 and Log 3. 

Interpretation 

The alternation of sand and mud in Facies J1 indicates rapid changes in energy in the 

depositional environment. Deposition of lower fine to lower medium sand requires relative high 

energy conditions, while mud or silt accumulates during periods with lower energy. The thicker 

accumulations of fine sand suggests periods with more stable energy conditions, where the 
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sediments were transported by traction in the lower flow regime (Simons et al., 1961). The low 

degree of bioturbation and the presence of Ophiomorpha cf. nodosa support the suggested high-

energy events, as Ophiomorpha is typical for high-energy environments (Nagy et al., 2016). 

Poorly sorted sand beds may indicate rapid deposition from suspension, which can happen when 

the flow loses its competence and all grain sizes in the flow are deposited at the same time 

(Kneller and McCaffrey, 1999). The symmetrical wave ripples indicate that waves have 

affected the sediments, and thereby deposition above fair-weather wave base (Peters and Loss, 

2012). No clear signs of tidal influence have been found in the logged sections, and the 

deposition of Facies J1 is therefore interpreted to have been affected by differential river output. 

Facies J2 – Erosive undulating sandstone beds 

Description 

Facies J2 consists of fine to medium grained sand, and 1-15 cm thick sandstone beds are 

separated by undulating boundaries with a significant erosive component (Fig. 5.15). Certain 

boundaries erode through several underlying beds, and no fine-grained deposits are present 

between the sandy beds. These deposits show no to occasional traces signs of bioturbation (BI: 

0-1). Each succession is between 0,5-1 m thick, and they show no vertical grain size trends. 

Cross stratification is commonly present, indicating transport in both NW and SE directions. 

Individual beds are not laterally continuous, and show variable thickness. Facies J2 is present 

in Log 1, Log CT1-I and Log CT1-II. 

Figure 5.14. The red lines points at two symmetrical ripples in the moderately to poorly sorted 

sandstones of Facies J1. The wavy bedding is a characteristic feature of these deposits, and the sandy 

layers are separated by thin layers of silt or clay.   
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Interpretation 

The fine to medium grain size suggests that Facies J2 was deposited in an environment with 

high energy, and the cross bedding indicates the presence of bidirectional traction currents in 

the lower flow regime (Hjulström, 1939; Simons et al., 1961; Shanmugam et al., 1993). 

Bidirectional traction currents could be explained by tidal processes, although no undebatable 

evidence of tidal processes has been observed. Erosive bed boundaries are indicative of episodic 

increase in energy, creating currents with the potential to erode underlying fine to medium 

grained sand (Hjulström, 1939). The absence of bioturbation in a setting where bioturbation 

generally is abundant indicates high sedimentation rates (Gingras et al., 2007). Based on these 

results, Facies J2 is interpreted to have been deposited in a nearshore high-energy environment. 

As tidal influence is not confirmed, differential river output is suggested as a possible source 

for the high-energy erosive events. 

Facies K – Tabular bedded sandstone 

Description 

Facies K consists of lower fine to upper medium grained sand, and is characterized by tabular 

bedding (Fig. 5.16). Each bed is between 15-50 cm thick, and the beds are directly overlying 

each other creating amalgamated successions that are between 50 cm and 7 m thick (Fig. 5.16). 

The bioturbation index varies from 1-5, and includes Skolithos, Ophiomorpha, Rhizocorallium 

and Planolites. Signs of remnants of biogenic material with a yellow to orange colour are 

present on the boundary between two beds in Log 3. At the same location, 7-18 cm thick cross 

Figure 5.15. Undulating erosive boundaries and cross stratification are characteristic features of 

Facies J2. The bed thickness is variable, both in the same bed and between different beds. Only 

occasional traces of bioturbation are present. 
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laminated beds can be observed at some intervals, and possible mud drapes are present towards 

the top of the succession. Facies K is generally moderately sorted, except from in Log 3, where 

the sand is poorly sorted. This location also includes shell fragments. In Log 1, scour and fill-

structures are present at two intervals. Facies K is characterized by a homogenous weathering 

in outcrop, and occasionally includes post-depositional concretions. The facies is represented 

in Log 1, Log 3 and Log CT5-I, -III, -IV and -V. 

 

Interpretation 

The extensive bioturbation present in this facies at some locations indicates that there was time 

available for thoroughly reworking of the sediments. A high degree of bioturbation may indicate 

low sedimentation rates, and the vertical variations in the degree of bioturbation can therefore 

be explained by periods of low sedimentation rates (Gingras et al., 2007). The mechanism 

present would have to be strong enough to transport up to upper medium grained sand and to 

produce occasional erosional scours (Hjulström, 1939). Although most of the evidence of 

potential sedimentary structures might be removed by bioturbation, the presence of small-scale 

cross stratification indicates at least occasional traction transport in the lower flow regime 

(Simons et al., 1961; Shanmugam et al., 1993). Mud drapings located toward the top of the 

successions indicate variations in the energy conditions. Possible explanations include tidal 

influence or variations in the proximity to the active river mouth, but no conclusive evidence 

Figure 5.16. The picture shows a characteristic succession of Facies K. The sandstone beds are parallel, 

and some parts are extensively bioturbated. Cross stratification can be observed at certain levels.  
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of tidal influence has been observed. The amount of bioturbation and lack of sedimentary 

structures make it challenging to distinguish depositional processes. The presence of oxidized 

organic material, the amount of upper fine to medium grained sand and the high degree of 

bioturbation might suggest a depositional environment not too far from the shore. 

Ophiomorpha, Planolites and Rhizocorallium support the interpreted shallow high-energy 

environment (MacEachern and Pemberton, 1992; Worsley and Mørk, 2001; Nagy et al., 2016).  

Facies L - Thoroughly bioturbated sandstone 

Description 

This facies consists of lower fine to medium grained sandstone, and the successions are from 

1,5-3,5 m thick. The sandstones have a degree of bioturbation of 4-5, and are completely 

bioturbated (Fig. 5.17). No sedimentary structures can be distinguished, except from poorly 

preserved cross lamination in one locality (Log 1, 120 m). At this location, the sandstone shows 

normal grading, while no grading is registered at other locations. An assemblage of Skolithos 

are present in Facies L, together with nummulites, shell fragments and gastropods (Neritidae 

Velates). The sandstones are moderately to poorly sorted, and are either very friable or 

characterized by post-depositional concretions in outcrop (Fig. 5.17). The concretions are 

generally formed around nummulites, shell fragments or gastropods. Facies L is present in Log 

1 and 3. 

Interpretation 

The thoroughly bioturbation of this facies reflects favourable living conditions and low 

sedimentation rates (Gingras et al., 2007). Additionally, the energy was high enough to 

transport medium grained sand (Hjulström, 1939). The presence of nummulites and gastropods 

indicate a marine depositional environment (Lalueza, 2009). Similar to Facies D, the gastropods 

are found in their life position, which indicates that the deposits are autochthonous. Absence of 

sedimentary structures makes it difficult to give a detailed interpretation regarding depositional 

process. The poor sorting may suggest rapid deposition from suspension (Kneller and 

McCaffrey, 1999), but can also be explained by biogenic reworking. The presence of cross 

lamination in Log 1, suggests at least occasional presence of traction currents and deposition in 

the lower flow regime (Simons et al., 1961; Shanmugam et al., 1993). 
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Facies L shows a higher degree of bioturbation and relatively lower grain size than Facies K, 

and may therefore be interpreted as deposited during lower sedimentation rates and with more 

biogenic reworking of the deposits than Facies K. This could indicate a more distal position 

related to a river mouth, either seaward or along the shore, and Facies L can be interpreted as a 

distal mouth bar.  

 

  

Figure 5.17. The picture shows the characteristic extensive bioturbation of Facies L. No sedimentary 

structures are present in this succession. Concretions can be found around gastropods and shell 

fragments, and are interpreted to be calcite concretions formed after deposition. 
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Facies Description Structures Grain size Bioturbation 

index 

Interpretation 

A Blue-grey silty mudstone Weathered in outcrop, forming scree-slopes. Clay-Silt 0-1 Suspension fallout 

B1 Thin bedded sandstone Directional ripples, occasional parallel lamination. Vf-F 0-1 Turbidity currents 

B2 Thin bedded bioturbated 

sandstone 

No structures observed. Vf-F 4-5 Mass transport mechanism 

C Structureless very fine 

sandstone 

Homogenous sandstone. Includes occasional shell 

fragments. 

Vf 0-1 Debris flow 

D Thoroughly bioturbated 

sandstone 

Includes nummulites, echinoids, gastropods and 

shell fragments. Characteristic homogenous 

weathering in outcrop. 

Vf-F 4-5 Shallow marine sandstone with 

favourable living conditions 

E Cross-stratified sandstone Trough cross stratification, low-angle cross 

lamination. 

F 0-1 Large-scale migrating dunes 

F Planar parallel laminated 

sandstone 

Planar parallel lamination Vf-M 0-1 High energy conditions, upper flow 

regime 

G1 Structureless sandstone Homogenous. Can include large assemblages of 

Ophiomorpha. 

Vf-C 0-3 Rapid deposition in a high energy 

environment 

G2 Structureless sandstone 

with rapid changes in 

grain size 

Includes pebbles, rip-up clasts and lenses of 

coarser grained sand. Planar and tangential cross 

lamination. 

F-M 0-2 Rapid deposition in an environment with 

rapid changes in energy. Lower to upper 

flow regime 

H Conglomerate with 

nummulites 

A nummulite content of 5-40%. Cross bedding 

present at one location- 

Vf-F 0-4 Parautochtonous, residual and 

allochthonous  accummulations 

I1 Distal channelized 

sandstone 

Structureless beds, rip-up clasts, soft-sediment 

deformation, load casts, planar lamination and 

bedding and planar and trough cross lamination. 

F-M 0-1 Turbidite channel sandstones 

I2 Proximal channelized 

sandstone 

Structureless beds, rip-up clasts, shell fragments, 

pebbles, tangential cross stratification, planar 

lamination and mud drapes.  

F-C 0-2 Terminal distributary channels 

J1 Wavy bedded sandstone Symmetrical wave ripples. Occasional cross 

bedding. 

F-M 0-1 Environment with rapid changes in 

energy. 

J2 Erosive undulating 

sandstone beds 

Erosive undulating bed boundaries. Bidirectional 

cross bedding is common. 

F-M 0-1 Nearshore high-energy environment. 

Episodic erosive high-energy events. 

K Tabular bedded sandstone  Cross lamination, mud drapes, biogenic material 

and scour and fill-structures. 

F-M 1-5 

 

Shallow marine high energy 

depositional environment 

L Poorly sorted, thoroughly 

bioturbated sandstone 

Includes gastropods, shell fragments and 

nummulites. Poorly preserved cross stratification 

at one locality. 

F-M 4-5 Distal mouth bar deposits 
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6 Chapter 6: Facies associations 

6.1 FA1– Offshore 

Description 

This association is dominated by the blue-grey silty mudstone of Facies A (90-95% of most 

intervals). Thin bedded sandstones and thin bedded bioturbated sandstones of Facies B1 and 

B2 are interbedded in Facies A, either as single beds or in packages containing several stacked 

beds. An upwards cleaning trend where sandy beds of Facies B1 and B2 become more abundant 

towards the upper part of the succession are present at some locations, such as in the lower part 

of Log 1 (Fig. 6.1). Assemblages of Planolites can occasionally be found in the blue-grey silty 

mudstone of Facies A beneath the sandy beds of Facies B1 and B2. Thicker structureless very 

fine sandstones of Facies C are not as common as Facies B, while present in FA1 in all the four 

long logs (Log 1, 2, 3 and 4) in addition to Log CT1-V. The beds of Facies C can be traced over 

large parts of the outcrop.  

Facies A, B and C are the main components of FA1. In addition, distal channelized sandstone 

beds of Facies I1 can be found in Log 1, 2 and 3 (Fig. 6.1). The lower boundary shows 

significant erosion down into the underlying blue-grey silty sandstone of Facies A. Sharp or 

erosive based fine to medium grained sandstones are stacked in up to 5 m high successions of 

laterally confined sandstones. These successions are 15-20 m wide and 2-5 m thick. Individual 

layers are pinching out either into the surrounding Facies A, or internally in the sandy 

succession. The sandstone beds can be structureless or include features such as tangential and 

planar cross stratification, load casts, soft-sediment deformation, rip-up mud clasts and wavy 

bedding. Facies A are often interbedded between individual sand beds.  

In Log 4, the conglomerate with nummulites of Facies H is present associated with Facies A, 

B1, B2 and C. The deposits of Facies H are represented by accumulations of nummulites 

interbedded in the blue-grey sily sandstone of Facies A. Some of the nummulites show a 

preferred horizontal orientation, and imbrication can be present in some beds. Other deposits 

of Facies H include nummulite with no preferred orientation. Facies H can be traced changing 

into Facies C downdip. 
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Interpretation 

The overall silty grain size and the absence of structures indicating transport by waves or 

currents suggest that the dominant depositional process is fallout from suspension in a low-

energy depositional environment (Hjulström, 1939). This interpretation is supported by the 

large lateral extent of the deposits and occasional observed laminations in the blue-grey silty 

mudstone of Facies A. The low amount of sand and the absence of structures indicating storm 

activity place these deposits below storm wave base (Peters and Loss, 2012). This association 

is therefore interpreted to represent the offshore environment, which is the most distal 

environment in the studied part of the Sobrarbe delta. The thin bedded sandstone deposits of 

Facies B1, B2 and the structureless very fine sandstone of Facies C are together with the 

conglomerate with nummulites of Facies H interpreted to have been transported into the low-

energy depositional environment by gravitation processes such as turbidity currents or other 

mass transport mechanisms. The observed increase in the degree of bioturbation under, in and 

at the top of thin bedded sandstone of Facies B1 and B2 suggests that the mass transports 

mechanisms transported oxygen into the offshore environment, which improved the living 

conditions (Savrda and Bottjer, 1986; Hall, 1997). The confined sandy successions of Facies I1 

are interpreted as turbidite channels, because the deposits include characteristic features of 

Fig. 6.1. The figure represents a characteristic stacking pattern of FA1, located in the lowermost 

part of Log 1. The structureless very fine sandstone of Facies C, the thin bedded sandstone of B1, 

the thin bedded bioturbated sandstone of Facies B2 and the distal channelized sandstone beds of 

Facies I2 are seen interbedded in the blue-grey silty mudstone of Facies A. 
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turbidity currents such as traction structures, good sorting and soft-sediment deformation 

(McCubbin, 1982; Mulder and Alexander, 2001; Posamentier and Walker, 2006; Boggs, 2014). 

These channels might have transported shallow marine sand into deeper parts of the Ainsa 

basin, resulting in distal turbidite deposits (Wadsworth, 1994). The amount of mass transport 

and the presence of both turbidites and other mass transport mechanisms suggest that 

gravitation induced processes were a significant factor redistributing sediment on the Sobrarbe 

delta front. FA1 can be compared to Facies Association 1 of Hall (1997), which was interpreted 

as an offshore depositional environment. 

6.2 FA2 – Lower shoreface  

Description 

The thoroughly bioturbated sandstone of Facies D constitutes 95% of FA2, and is found 

associated with the conglomerate with nummulites of Facies H (Fig. 6.2). Facies D contains 

gastropods deposited in their life position, and includes shelly debris, nummulites, echinoids 

and echinoid fragments. If sedimentary structures were present, they have been removed by 

extensive bioturbation. In Facies H, sedimentary structures and preferred orientation of the 

nummulites are absent, except for planar cross bedding in Log 3. At this location, mostly large 

nummulites are present, and the tests are oriented parallel to the bedding. Generally, the 

assemblage contains both large and small nummulites. The amount of nummulites is about 20-

30%. The boundaries separating Facies D and H are challenging to characterize because of the 

extensive amount of bioturbation in Facies D and the high nummulite content in Facies H. FA2 

is present in Log 1 and 3, and can be seen changing into FA1 downdip. 

Interpretation 

Gastropods situated in their living positions suggest that the deposits of Facies D are 

autochthonous, and the fauna of nummulites, echinoids and gastropods indicates a marine 

environment (Lalueza, 2009). The sand content indicates an increase in energy compared to 

FA1, and the high bioturbation index suggests favourable living conditions and periods of low 

sedimentation rates (Hjulström, 1939; Gingras et al., 2007). The increase in energy indicates a 

shallower marine environment than FA1. Facies D can be correlated with Lithofacies 5a of Hall 

(1997), where scour marks were identified. These scours were interpreted to be related to storm 

activity (Hall, 1997), and Facies D is therefore interpreted to be situated above storm-weather 

wave base, in the lower shoreface. This interpretation is supported by the abundance of 
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bioturbation and the marine fauna, as this can be distinct features of lower shoreface deposits 

(Howard, 1972; McCubbin, 1982). 

The random orientation of the nummulites in the associated deposits of Facies H suggests that 

these deposits have a parautochthonous origin (Aigner, 1985). The locality including cross 

bedding shows a local presence of traction transport, and the presence of exclusively large 

nummulites suggests a residual assemblage (Aigner, 1985). Nummulites live at 5-150 m water 

depth, and parautochthonous and residual deposits can therefore be present in a wide range of 

depositional environments (Jorry et al., 2006). No sedimentary structures that indicate 

reworking by waves or storms are present, and the depositional environment of these deposits 

are therefore suggested by the close association with Facies D.  

6.3 FA3 – High-energy lower shoreface 

Description 

The lower fine to medium grained thoroughly bioturbated sandstone of Facies L is often found 

together with the proximal channelized stacked sandstone beds of Facies I2 (Fig. 6.3). Facies L 

includes gastropods in life position and shell fragments, and can be poorly sorted. The 

bioturbation index varies from 4-5, and some outcrops are very friable. Sedimentary structures 

are generally not visible, while some cross lamination is present in the uppermost part of Log 

Fig. 6.2. The figure represents a characteristic stacking pattern of FA2, located between 82 and 89 

m in Log 1. Facies A, H and D are represented in the illustration. A) Facies D - thoroughly 

bioturbated sandstone. B) Facies H - Conglomerate with nummulites showing a residual 

assemblage. 
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1. Facies L has many similarities to Facies D, but is differentiated by a less diverse fauna and a 

slightly coarser grain size. Facies L is often truncated by the proximal channelized stacked 

sandstone beds of Facies I2. These beds can show tangential cross stratification, pinch-out 

structures and rip-up clasts. In addition, the bioturbation index is 0-1, and the well consolidated 

appearance of the outcrop is a significant contrast to the associated Facies L. The thoroughly 

bioturbated sandstone Facies D can occasionally be found together with Facies L and I2. FA3 

is present in Log 1, and can pass down into FA2 and FA4. 

Interpretation 

The poorly sorted, thoroughly bioturbated sandstone of Facies L shows many similarities with 

the thoroughly bioturbated sandstone of Facies D, including gastropods preserved in their life 

position and extensive bioturbation. The sorting tends to be poorer in Facies L than in Facies 

D, and the grain size of Facies L is generally coarser. The poor sorting and the increase in grain 

size suggest a more rapid deposition in an environment with higher energy conditions than in 

Facies D (Hjulström, 1939; Kneller and McCaffrey, 1999). These two facies are interpreted to 

be closely related, but the suggested higher energy conditions of Facies L could indicate a 

higher energy environment on the lower shoreface compared to Facies D. This interpretation is 

supported by the abundance of bioturbation and the marine fauna, as this can be distinct features 

of lower shoreface deposits (Howard, 1972; McCubbin, 1982). 

Fig. 6.3. The figure represents a characteristic stacking pattern of FA3, located between 119 and 

130 m in Log 1. The thoroughly bioturbated sandstone of Facies D, the thoroughly bioturbated 

sandstone L and I2 are represented in the illustration. A significant decrease in the amount of 

bioturbation can be observed between Facies I2 and Facies L.  
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The proximal channelized stacked sandstone beds of Facies I1 are interpreted as terminal 

distributary channels, based on the channelized geometry of amalgamated sand beds, the lack 

of a basal coarse grained lag and the close association with Facies L (Olariu and Bhattacharya, 

2006). These channels can be both subaerial and subaqueous (Olariu and Bhattacharya, 2006), 

and are formed by erosive jet flows connected to sediment-bearing distributary channels. These 

erosive flows can extend several kilometres into the basin, and can therefore truncate deposits 

on different parts of the slope profile (Schomacker et al., 2010; Martini and Sandrelli, 2015). 

The close association with Facies L suggests that the channels of Facies I1 are deposited in the 

upper part of the lower shoreface, an interpretation supported by the fact that terminal 

distributary channels are generally seen cutting into mouth bar deposits and proximal delta-

front deposits (Olariu and Bhattacharya, 2006). 

6.4 FA4 – Upper shoreface  

Description 

This facies association includes the tabular bedded sandstones of Facies K, the wavy bedded 

sandstones of Facies J1, the erosive undulating sandstone beds of Facies J2 and the cross-

stratified sandstone of Facies E (Fig. 6.4). The most abundant facies in FA4 is Facies K. Facies 

K consists of lower fine to lower medium grained sand, and a characterized by tabular beds that 

are 15-50 cm thick and a bioturbation index that varies between 3-5. The trace fossil assemblage 

includes Skolithos, Ophiomorpha, Planolites and Rhizocorallium. Sections with a low 

bioturbation index occasionally include trough and planar cross stratification, and traces of 

biogenic material can be found in Log 1. Scour and fill structures and mud drapings are also 

present in Facies K. The deposits are generally moderately sorted, but are poorly sorted at one 

location in Log 3. The wavy bedded sandstone of Facies J1 is often found interbedded in Facies 

K (Fig. 6.4). The deposits consist of wavy bedded lower fine to lower medium sand beds 

separated by silt or mud. Symmetrical wave ripples are present in the sand beds, and the sorting 

varies between moderate and poor. In contrast to Facies K, the degree of bioturbation in Facies 

J is low (BI: 1). Cross bedding is present in thicker sand beds. The erosive undulating sandstone 

beds of Facies J2 consists of fine to medium grained sandstone beds, and are closely associated 

with the tabular bedded sandstone of Facies K in the NE part of the outcrop. The bed boundaries 

are erosive, the low bioturbation index (BI: 0-1) and the occurrence of apparent bidirectional 

cross bedding is common. The cross-stratified sandstone of Facies E can at two locations in 

Log 3 be associated with Facies K and J1. These deposits consist of upper fine sand, and include 
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a complex of trough cross stratification and low-angle trough cross lamination. The apparent 

transport direction in this locality was NW-SE, and the amount of bioturbation are low (BI: 1). 

FA4 is present in Log 1 and 3, and can change downdip into FA2 and FA5. 

Interpretation 

The lower fine to upper medium grain size of the deposits of Facies K and the associated facies 

and erosive boundaries indicate an increase in energy compared to the deposits in FA 1, 2 and 

3 (Hjulström, 1939). A high energy environment is supported by the trace fossil assemblage, 

which indicates a high energy shallow marine environment (MacEachern and Pemberton, 1992; 

Worsley and Mørk, 2001; Nagy et al., 2016). Both the small-scale and large-scale migrating 

dunes suggest the presence of traction currents in the lower flow regime (Simons et al., 1961). 

Interbedded wavy bedding of Facies J1 in the tabular bedded sandstones of Facies K suggests 

changing energy conditions through the successions of FA4. These vertical changes in energy 

are supported by the variable amount of bioturbation, the scour- and fill structures and the 

presence of mud drapings (Hjulström, 1939; Gingras et al., 2007; Boggs, 2014). The 

interbedded wavy bedding from Facies J1 contains symmetrical wave ripples, which suggests 

Fig. 6.4. A characteristic succession of FA4 is illustrated, including the cross-stratified sandstone 

of Facies E, the tabular bedded sandstone of K and the wavy bedded sandstone of Facies J1. A) 

shows the cross-stratified sandstone of Facies E, while B) shows the tabular bedded sandstone of 

Facies K. Facies J1 is too small to be visible in the picture. 
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deposition above fair-weather wave base (Peters and Loss, 2012). Moderate to poor sorting 

suggests that the sediments was rapidly deposited from suspension (Kneller and McCaffrey, 

1999) and the presence of biogenic material suggests a terrigenous sediment source for at least 

part of the deposits (Martini and Sandrelli, 2015). This could indicate proximity to a river 

mouth, an interpretation supported by the interpreted high energy environment. The heterolithic 

deposits of Facies J1 could be explained by variabilities in the river flow. The high energy 

environment with variable energy conditions, rapid deposition, high sedimentation rate, a 

terrigenous sediment source and the presence of migrating dunes suggests deposition in the 

upper shoreface (Hjulström, 1939; McCubbin, 1982; Gowland, 1996; Clifton, 2006). The 

degree of bioturbation is generally lower than in the lower shoreface, because of the higher 

energy conditions and the more rapid sedimentation rates (Reineck and Singh, 1980). 

6.5 FA5 – High-energy upper shoreface  

Description 

The structureless sandstone of Facies G1 and the structureless sandstone with rapid changes in 

grain size of Facies G2 are commonly associated with the planar parallel laminated sandstone 

of Facies F (Fig. 6.5). These facies can occasionally be associated with the cross-stratified 

sandstones of Facies E (Log 3). Facies G1 contains structureless sandstone deposits that can 

include Ophiomorpha cf. nodosa and Ophiomorpha cf. irregulaire. The bioturbation index 

varies from 0-3. Facies G2 also includes beds of structureless sandstone, but these beds are 

characterized by coarse grained interbedded layers or lenses, pebbles and a general grain size 

of medium sand. Scours are common between beds, and the interbedded lenses can include 

trough cross stratification. The bioturbation index is from 0-2. The associated planar parallel 

lamination of Facies F consists of very fine to medium sand, and has a bioturbation index of 0-

1. The thickness of the lamination varies from 3 mm to 1 cm. The low-angle tangential cross 

lamination that is included in Facies E has a bioturbation index of 0, and shows migration 

towards SE. FA5 is less weathered in outcrop compared to the other FA. FA5 is present in Log 

3 and 4. 

Interpretation 

The overall upper fine to coarse grain size of FA5, together with the presence of Ophiomorpha 

in Facies G1, the planar parallel laminations of Facies F and the tangential low-angle cross 

laminations of Facies E indicate a high energy environment with flows between upper part of 



University of Oslo  Haugen, 2017 

 

60 

 

the lower flow regime and up into the upper flow regime (Simons et al., 1961; Nagy et al., 

2016). This interpretation is supported by the generally low degree of bioturbation (Gingras et 

al., 2007; Boggs, 2014). The presence of coarser beds and lenses, pebble lags and scours in 

Facies G2 suggest occurring high energy events, and thereby variations in the energy conditions 

(Hjulström, 1939). The high energy depositional environment combined with events of higher 

energy and the low-angle cross lamination interpreted as large-scale migrating dunes suggest 

an upper shoreface depositional environment (McCubbin, 1982; Gowland, 1996; Clifton, 

2006). Compared to FA4, this association includes coarser grain sizes and a lower amount of 

bioturbation. This could indicate deposition in a more high-energy environment than FA4.  

 

 

 

 

 

Fig. 6.6. The figure represents a characteristic stacking pattern of FA5 in Log 4, including the 

structureless sandstone with rapid changes in grain size of Facies G2 (a and b), the strucktureless 

sandstone of Facies G1 (c) and the planar parallel laminated sandstone of Facies E (d). 



FACIES ASSOCIATIONS  

 

61 

 

An overview of the five facies associations, their component facies and environmental 

interpretation are presented in Table 1. 

Facies association Brief description Component facies Environmental 

interpretation 

FA1 Marl interbedded with sharp 

based sandstones 

A, B, C and occasionally I1 

and H 

Offshore  

FA2 Highly bioturbated 

sandstone with 

accumulations of 

nummulites 

D, H Lower shoreface  

FA3 Thoroughly bioturbated 

sandstone occasionally 

truncated by terminal 

distributary channels 

L, I2 and occasionally D High-energy lower 

shoreface 

FA4 Tabular bedded sandstone 

interbedded with heterolithic 

wavy bedding, occasionally 

associated with cross 

stratified sandstone.  

K, J1, J2 and occasionally E Upper shoreface  

FA5 Structureless sandstone with 

occasional coarser beds, 

cross stratification and 

planar lamination. 

G1, G2, F and occasionally E High-energy upper 

shoreface  

 

 

 

Table 1. An overview of the facies associations and component facies recognized in the 

studied part of the Sobrarbe delta. 
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7 Chapter 7: Log description and correlation 

 

Logs 1, 2, 3 and 4 are illustrated and correlated in Figure 7.1 and 7.2. Figure 7.1 shows the 

traced clinoforms along the outcrop, together with a correlation of the four logs. Each clinoform 

is annotated by CF and a number between 1 and 8. Figure 7.2 shows the identified clinothems, 

and shows the lateral distribution of facies associations. The annotation CT followed by a 

number between 1 and 8 is used to refer to the different clinothems. The location of each log is 

presented in Figure 1.1d. Logs 1, 2, 3 and 4 and their respective coordinates are presented in 

Appendix B, C, D, E and F. 

 

The mountainside with the exposed outcrop extends 2,5 km in a NW-SE direction (Fig. 7.1). 

The outcrop exhibits sections with alternating sandstone and mudstone, and the sandstone to 

mudstone ratio increases stratigraphically upwards creating a general upwards cleaning and 

upwards thickening trend. In the lower part of the study area noticeable changes in dip are 

appreciable along apparent sedimentological boundaries which can be followed along the 

length of the outcrop (Fig. 7.1). The noticeable increase in dip delineates foresets from topsets 

and towards the NW the architecture planes out to mark the bottomsets. The traceable 

boundaries thus create a number of clinoforms delineating several clinothems. Towards the top 

of the study area, the sandstone sections are more or less planar (Fig. 7.1). These beds form 

topsets which extend along the outcrop, and are either superimposed or separated by thin beds 

of fine grained material. Both foreset truncation by overlying topsets, and topset beds increasing 

in dip and grading into foreset beds are present in the outcrop. Fine and medium grained 

sandstone beds become less frequent towards the NW part of the outcrop, while the amount of 

mudstone and very fine sandstone deposits increases (Fig. 7.1).  

 

Eight clinoforms (CF1-CF8) have been identified along the outcrop (Fig. 7.1). Four 

sedimentological logs cover significant portions of the stratigraphy and can be used to correlate 

the large-scale stratigraphic boundaries. Log 1 (127 m long, Fig. 7.1 and 7.2) is the most 

southerly log and covers the lowermost stratigraphic interval of the four logs. Given the dip of 

the clinothems, it appears to be in the most proximal part of the system. The lower part of the 

log shows two clinothems, CT1 and CT2, mainly including offshore (FA1) and some lower 

shoreface (FA2) deposits (Fig. 7.2). The amount of sandy deposits of FA2 increase in the 
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Figure 7.1. Correlation of clinoforms between Logs 1, 2, 3 and 4 along the studied outcrop. Each clinoform is annotated by CF and a number from 1-8. Dotted lines 

mark suggested correlations that could not be confirmed. 
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Figure 7.2. In addition to the eight clinoforms, each clinothem are annotated by CT and a number between 1-8. Based on observations from Logs 1, 2, 3 and 4 and the 

correlation of clinoforms from panorama photos, the five facies associations are distributed over the study area.  
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following CT3, creating a transition into the five overlying sand-rich clinothems, CT3-CT8 

(Fig. 7.2). These clinothems represent FA2, FA3 and FA4, and thereby the lower shoreface, 

high-energy lower shoreface and upper shoreface depositional environment (Fig. 7.2). The 

amount of blue-grey silty mudstone (Facies A) thus decreases upwards in the stratigraphy, and 

superimposed sandstone successions are common towards the top.  

 

200 m further NW, Log 2 (68 m) includes clinoform CF1 and CF2 (Fig. 7.1 and 7.2). These 

clinoforms are correlated with Log 1, and the related clinothems CT1 and CT2 represent FA1, 

the offshore depositional environment, in both Log 1 and 2 (Fig. 7.2). A slight increase in 

thickness of CT2, from 67 to 75 m, is observed between Log 1 and 2 (Fig. 7.2). 

 

Log 3 (104 m) is located 180 m further NW from Log 2, and represents mostly deposits higher 

up in the stratigraphy (Fig. 7.1). Six clinoforms, CF2-CF7, are identified, together with seven 

clinothems, CT2-CT8 (Fig. 7.2). CT2 and CT8 are only partly covered by the log (Fig. 7.1 and 

7.2). The lowermost part of Log 3 is represented by CT2 and CT3, including alternating deposits 

of the offshore depositional environment (FA1) and lower shoreface (FA2) (Fig. 7.2). The 

thickness of CT3 shows a distinguishable increase compared to Log 1, from 21 m in Log 1 to 

43 m in Log 3. Internal geometries in CT3 show an erosional truncation of the green surface 

located at 27 m, Log 3 (Fig. 7.2), and can therefore not be correlated with Log 3. Similar to Log 

1, the sand dominated clinothems are located in the upper part of Log 3, comprising CT4-CT8 

(Fig. 7.2). Each of the related clinoforms, CF4-CF7, are correlated with Log 1. CT4-CT8 

include FA2, FA3, FA4 and FA5, representing the lower shoreface, high-energy lower 

shoreface, upper shoreface and high-energy upper shoreface depositional environment (Fig. 

7.2). Except from CT4, all clinothems show a slight thicknening from Log 1 to Log 3. 

 

Log 4 (122 m) represents the most northern part of the study area, and is located 520 m NW of 

Log 4 (Fig. 7.1 and 7.2). Seven clinoforms are identified, CF2-CF8, together with seven 

clinothems, CT2-CT8 (Fig. 7.1 and 7.2). CF2-CF7 can be correlated with Log 3, while CF8 

cannot be pinpointed at Log 3 and 1, because of erosion of the uppermost layers (Fig. 7.1 and 

7.2). The two lowermost clinothems, CT2 and CT3, are dominated by deposits from the 

offshore depositional environment (FA1), and include less lower shoreface sandstones (FA2) 

than in Log 3 (Fig. 7.2). CT4-CT8 contains mostly lower shoreface sandstones (FA2), although 

high-energy upper shoreface deposits (FA5) are present in CT6 (Fig. 7.2). This represents an 
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overall decrease in depositional energy compared to the correlated stratigraphic interval in Log 

1 and 3. 

 

The identified clinothems exhibit a progressively deeper depositional environment toward the 

NW part of the outcrop, covering transitions between closely related facies associations (Fig. 

7.2). Two exceptions are identified, which are located in CT6 and CT8 (Fig. 7.2). Deposits in 

CT6 show a transition from upper shoreface (FA4) in Log 1 into a high-energy upper shoreface 

(FA5) in Log 4. In between these logs, both FA4 and FA5 are present in Log 3 (Fig. 7.2). CT6 

thus shows an apparent shallowing of the deposits towards NW. CT8 represents a transition 

from deposits from high-energy lower shoreface (FA3) in Log 1 to upper shoreface (FA4) in 

Log 4 and then to lower shoreface (FA2) in Log 2 (Fig. 7.2). This trend depicts an apparent 

shallowing of the deposit from Log 1 to Log 3, followed by a deepening towards Log 4. The 

depositional trends observed in CT6 and CT8 oppose the general depositional trend and might 

indicate complexities such as erosion, reworking, changes in influx direction, avulsion etc.  
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8 Chapter 8: Detailed descriptions of Clinothem 1 (CT1) and 

Clinothem 5 (CT5) 

8.1 Log localities in CT1 and CT5 

CT1 and CT5 are studied in detail by the use of seven logs representing CT1, including sections 

of Log 1 and 2, and eight logs representing CT5, including sections of Log 1, 2 and 4 (Appendix 

G and H). CT1 represents mainly foresets of the lower silt-dominated part of the study area, 

while CT5 represents maily topsets of the sand-dominated upper part, although both clinothems 

cover parts of both the topset and foreset segments. Samples were collected at certain localities, 

and an overview of localities, logs and collected samples are provided in Table 8.1. Clinothem 

1 and 5 and the logged localities are highlighted in Fig. 8.1. 

 

 

 

 

 

 

 

 

 

  

Clinothem 1 

(CT1) 

 Localities Logs  Samples  Clinothem 5 

(CT5) 

Localities Logs Samples 

  CT1-I Log CT1-I CT1-TS-I  CT5-I Log CT5-I CT5-TS-I 

  CT1-II Log CT1-II CT1-TS-II  CT5-II Log CT5-II CT5-TS-II 

  CT1-III Log CT1-III CT1-TS-III  CT5-III Log CT5-III CT5-TS-III 

  CT1-IV Log CT1-IV CT1-TS-IV  CT5-IV Log CT5-IV CT5-TS-IV 

  CT1-V Log CT1-V CT1-TS-V  CT5-V Log CT5-V CT5-TS-V 

  CT1-VI Log CT1-VI 

(Log 1) 

CT1-TS-VI  CT5-VI Log CT5-VI 

(Log 1) 

No sample 

  CT1-VII Log CT1-VII 

(Log 2) 

CT1-TS-VII  CT5-VII Log CT5-VII 

(Log 3) 

CT5-TS-VII 

        CT5-VIII Log CT5-VIII 

(Log 4) 

No sample 

Table 8.1.  An overview of localities, collected logs and samples in CT1 and CT5. The locations of 

the different localities are presented in Figure 8.1.  
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Figure 8.1. Each locality related to CT1 and CT5 is marked by annotated red lines in the figure. CT1 is about 1,9 km long, while CT5 is about 1,8 km. 

Locality CT1-VI and CT5-VI are parts of Log 1, locality CT1-VII is a part of log 3 and CT5-VIII is a part of Log 4. The vertical scale of the photo is increased.  
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8.1.1 Characteristics of the detrital components 

The main groups of detrital components identified in the thin section analysis are presented 

below. 

Carbonates 

Detrital carbonate is present in all studied samples, and is generally one of the most abundant 

components (from 50-85%). The detrital carbonate can be divided into two groups, i) calcite 

grains and ii) clasts of carbonate (Fig. 8.2). The calcite grains are subanguar to subrounded and 

found in all sizes. They are often seen penetrated by quartz grains, which suggests that the 

calcite grain has undergone solution. The solution of calcite grains is a result of intragranular 

pressure solution during compaction of the sediment (Lehner, 1995). Calcite and dolomite can 

be challenging to separate without staining of the thin section (with e.g. Alizarin red S (Dickson, 

1965)), and these grains are in this study counted as calcite grains, except for minerals showing 

a characteristic rhombohedral shape, implying the presence of dolomite. Clasts of carbonate 

consist of fragments of micrite or microspar with variable bioclastic content. Internal dolomite 

crystals are occasionally observed. Old calcite cemented cracks in the clasts of carbonate are 

common (Fig. 8.3), suggesting that the clasts of carbonate represent a fragment of a pre-existing 

limestone, known as an extraclast (Wolf, 1965). The detrital carbonate is thought to be sourced 

from the Mesozoic, Palaeocene and Eocene limestones to the east and north-east of Aina, 

including the Escanilla, Puy de Cinca and Guarra limestones (Hall, 1997). 

Figure 8.2. A calcite grain is present in the center of the photo, surrounded by clasts of carbonate. 

Sparry calcite fills in the void between the grains. Photo from sample CT5-TS-I. 
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Quartz 

Quartz is present in all samples, and varies in grain size from very fine to coarse. The grains 

are often subangular to angular, and are always among the largest grains present in a sample. 

Occasional quartz grains are broken after deposition, and some corrosion of quartz grains is 

common. Corrosion is a surface textures that develops as a consequence of dissolution of the 

mineral, a process associated with diagenesis (Andò et al., 2012). Some dust rims are identified 

(Fig. 8.3), but they are not common. The dust rim refers to a layer of “dust” coating the detrital 

quartz grains, separating the detrital grain and the quartz overgrowth (Lee and Savin, 1985). 

Quartz overgrowth may increase the original angularity of the detrital grains, and thereby affect 

the observed angularity of the quartz grains (Johnsson et al., 1988). Quartz crystals are often 

seen penetrating carbonate clasts (Fig. 8.3). Both monocrystalline and polycrystalline quartz 

are present, although only small amounts of polycrystalline quartz is recognized. Some of the 

polycrystalline quartz is very fine grained, and represents chert.  

Feldspar 

Microcline and plagioclase are present in about half of the studied samples, although only 

counted in 1/3. The amount of feldspar is low, and makes up maximum 1,25% of a sample 

(Appendix A). Feldspar grains are, similar to quartz, among the largest grains in each sample, 

and are generally fine grained and subangular. Feldspar grains are often seen penetrating 

Figure 8.3. A) Quartz grain penetrates a clast of carbonate. The clast of carbonate has old cemented 

fractures, indicating that it is an extraclast. A sutured grain contact is found between a calcite grain and 

a clast of carbonate. B) A dust rand indicative of quartz overgrowth. Both photos are from sample CT5-

TS-II. 
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carbonate grains. Corrosion of grains is common, and twinning is often poorly developed. 

Plagioclase and microcline appear in about equal proportions. 

Lithic fragments 

Polymineralic rock fragments are not counted, but are observed in 1/3 of the samples. These 

grains are subangular to well rounded, and generally fine grained. The lithic fragments are 

variable, and both granite (quartz, feldspar) and possibly gneiss (includes minerals oriented in 

bands) are present. In addition, calcite-cemented quartz-rich sandstones are occasionally 

observed. This suggests various source areas, but this topic will not be followed further in this 

thesis. 

Mica 

Either biotite or muscovite is present in 1/3 of the samples. Most grains are elongate flakes that 

are bent, but not broken. The ends are often splayed, and calcite cement are filling in the space 

inbetween. In addition to the detrital micas, autochthonous glauconite is present in 1/4 of the 

samples. Most glauconite grains have an oval or round shape of old peliods. Glauconite is also 

found in relation to bioclasts such as bivalve fragments and foraminifera. 

Bioclasts 

Nummulites are common in the Sobrarbe delta, and present in 1/3 of the samples. The tests 

range from 0,2-1,5 cm and is generally preserved whole. Some tests show signs of abration. 

Individual chambers are either filled by sparry calcite or fine grained sediment, which in some 

cases can be used to identify the orientation of the test when deposited (Fig. 8.4).  

Other bioclasts are also common, including other types of foraminifera, echinoid tests and spine 

fragments, bivalve fragments, gastropod fragments and coralline red algae. Most fragments are 

unrounded, and they are generally cemented by calcite. 
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8.2 Clinothem 1 (CT1) 

Clinothem 1 is easily traced along the outcropping mountainside, creating a distinguishable 

forset geometry (Fig. 8.1). The identified part of the clinothem is 1,9 km long, and the sandy 

part of the clinothem has a thickness ranging from 0,5-4,5 m. The lower boundary of the 

clinothem is not defined because of covered outcrops. The clinothem is most defined in the SE 

part of the outcrop, and becomes more challenging to detect in the NE part of the study area as 

it becomes progressively muddier.  

Seven sedimentary logs were logged along CT1 (Table 1 and Fig. 8.1). Each log is 5-16,5 m 

long, and they are spaced from 50-250 m apart with an approximate average spacing of 200 m. 

Log CT1-VI and CT1-VII are parts of Log 1 and 2 respectively. Samples were collected along 

the upper section at all localities. Certain characteristics from the logged sections are shown in 

Figure 8.5 and 8.6. 

8.2.1 Locality CT1-I 

A 5 m thick succession was logged at locality CT1-I, which includes a 3,5 m thick thoroughly 

bioturbated sandstone of Facies D (Fig. 8.7 and 8.8). An upwards fining trend is recognized, as 

the grain size changes from fine grained in the lowermost meter to very fine in the overlying 

2,5 m. Gastropods are located in the upper part of the succession, while shell fragments and 

nummulites have accumulated in the uppermost and lowermost part. No clear bed boundaries 

can be distinguished, and the deposits have a bioturbation index of 5. Deposits above and below 

are covered by dense vegetation. 

Figure 8.4. Nummulite tests cemented by sparry calcite. The distribution of sparry calcite versus fine 

grained sediment in the cavities can indicate the position of the nummlite during initial deposition, as the 

sediment will be located in the lowermost part of the cavities. The remaining spaced are filled by sparry 

calcite. Both photos are from CT1-TS-II. 
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The thin section shows a very fine moderately sorted sample with mostly long and tangential 

grain contacts, in addition to some concavo-convex and sutured grain contacts between quartz 

and calcite grains and clasts. Grains and bioclasts are randomly oriented. The point counting 

analysis shows that the sample contains 18,93% quartz, 16,26% calcite grains and 1,70% clasts 

of carbonate. 0,24% of the sample consists of mica, while 39,08% is matrix (Fig. 8.9). In 

addition, the sample contains 23,79% bioclasts, originating from nummulites and shell 

fragments. Quartz and calcite grains are subangular, while the micas are angular. The fragments 

of lithic carbonate are subrounded to rounded.  

8.2.2 Locality CT1-II 

A 9 m thick succession was logged at locality CT1-II, including thin bedded sandstone of Facies 

B1 and the conglomerate with nummulites of Facies H (Fig. 8.5 and 8.8). Un-exposed outcrop 

characterizes the lowermost 7,5 m of the succession, where only thin bedded sandstones of 

Facies B1 are visible (Fig. 8.5). Above this (7,5-9 m), a 1,5 m thick section of conglomerate 

with nummulites are present (Fig. 8.5). Compared to locality CT1-I (Fig. 8.7), the thoroughly 

bioturbated sandstone of Facies D have disappeared, and the nummulite content has increased 

creating a very fine grained conglomerate with 39,25% nummulites and a more brown-red 

colour. The nummulite assemblage is enriched in small, 0,4-0,5 cm nummulites, and resembles 

Figure 8.5. Both large and small nummulites (see Facies H for size-definitions) are present, although 

the amount of snall nummulites are significantly higher than the amount of large nummulites. The 

nummulites are aligned relatively parallel with the bedding. 
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an allochthonous assemblage (Aigner, 1985). The nummulites show some alignment with the 

bedding. The thickness of the sandy succession has decreased from 3,5 m to 1,5 m from locality 

CT1-I to CT1-II (Fig. 8.7). The uppermost part of the logged succession might have been 

affected by erosion, as the overlying beds were not observed. 

The thin section analysis shows a moderately sorted very fine sample, with mostly floating 

grains and some tangential grain contacts. The point counting analysis shows that the sample 

contains 10,96% calcite grains, 9,21% quartz and 40,57% matrix (Fig. 8.9). No fragments of 

clasts of carbonate or micas are present in this sample, which represents a change from locality 

CT1-I. The decrease in the amount of quartz results in an increased quartz/calcite-ratio 

compared to the CT1-TS-I sample (Fig. 8.9 and 8.12). Both the quartz and calcite grains are 

subangular. The present nummulites in sample CT1-TS-II are filled by sparry calcite, and the 

test show only occasional signs of abrasion. Some tests also include infilling of sediments in 

the chambers, which shows the initial depositional orientation (Fig. 8.3). The nummulites are 

measured from 285 µm to 1,5 cm long. 

8.2.3 Locality CT1-III 

A 8,5 m thick succession was logged at locality CT1-III, including blue-grey silty mudstone of 

Facies A, thin bedded sandstone of Facies B1 and the conglomerate with nummulites of Facies 

H. Facies A and B1 are located in the lowermost 5 m, followed by two sharp based 2 m and 1,5 

m thick sections of Facies H (5-8,5 m) (Fig. 8.7 and 8.8). The lowermost package contains 5% 

nummulites, and the amount of large relative to small nummulites is similar to the assemblage 

observed at locality CT1-II. The uppermost package only contains 3%, and the amount of large 

nummulites relative to small nummulites has increased compared to  locality CT1-II, suggesting 

a parautochthonous assemblage (Aigner, 1985). The amount of nummulites shows a significant 

decrease compared to locality CT1-II. The total thickness of the sandy succession is 3,5 m, and 

thereby the same as the visible sandy succession at locality CT1-I (Fig.8.7).  

The thin section shows a very fine grained moderately sorted sample, dominated by floating 

grains and some tangential grain contacts. The point counting shows that the sample contains 

17,52% calcite grains, 10,20% quartz and 53,44% matrix (Fig. 8.9). A decrease in the 

quartz/calcite-ratio is evident compared to sample CT1-TS-I and II (Fig. 8.9). In addition, 

0,22% mica is present in sample CT1-TS-III, similar to sample CT1-TS-I. The amount of 

bioclasts in this sample is 18,63%, with a dominating amount of shell fragments (Fig. 8.9). The 
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roundness of quartz and calcite grains is similar to Locality CT1-II, while the grains and 

bioclasts are more randomly oriented. The largest nummulites show some alignment parallel to 

the bedding. Angular shell fragments of bivalves, bryozoan and echinoderms are observed in 

the thin section, in addition to one example of glauconite. 

8.2.4 Locality CT1-IV 

A 16 m thick succession was logged at locality CT1-IV, including blue-grey silty mudstone of 

Facies A, thin bedded sandstone of Facies B1 and the conglomerate with nummulites of Facies 

H. The lowermost 14,1 m consists of Facies A and B1 (Fig. 8.7 and 8.8). Above, an un-exposed 

section of 1,4 m separates the thin bedded very fine sandstone of Facies B1 and the very fine 

conglomerate with nummulites of Facies H. The conglomerate is 0,5 m thick, which is a 

significant decrease from 3,5 m at Locality CT1-III (Fig. 8.7). This change in thickness has 

appeared over a distance of 150 m. The nummulite assemblage is similar to the assemblage at 

Locality CT1-III, suggesting a parautochthonous assemblage (Aigner, 1985).  

The thin section shows a moderately sorted very fine sandstone, containing mostly floating 

grains, but also tangential and long grain contacts. The point counting analysis showed that the 

sample contains 17,07% calcite grains, 11,54% quartz and 56,25% matrix (Fig. 8.9). These 

results are very similar to the mineralogical distribution at locality CT1-III, and the 

quartz/calcite-ratio is approximately constant (Fig. 8.9). As in the previous described samples, 

both the quartz and calcite grains are subangular. No micas are present in this sample, which is 

similar to locality CT1-II. Glauconite is observed in sample CT1-TS-III, and 0,24% glauconite 

is counted in sample CT1-TS-IV (Fig. 8.9). This represents an increase, and glauconite is found 

both in fossils (foraminifera, echinoids, peloids) and as unidentified grains. Both the amount of 

nummulites and other bioclasts have decreased compared to locality CT1-III, and the amount 

of bioclasts is down to 14,90% (Fig. 8.9). The size of the nummulites and shell fragments ranges 

from 251 µm to 3689 µm, with an average of 1028 µm. Grains and bioclasts are randomly 

oriented. 

8.2.5 Locality CT1-V 

Locality CT1-V is represented by a 12,9 m thick succession, including blue-grey silty mudstone 

of Facies A, thin bedded sandstone of Facies B1 and the structureless very fine sandstone of 

Facies C (Fig. 8.7 and 8.8). The lowermost 11,6 m consists of Facies A and B1. A 80 cm thick 
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section of a structureless very fine sandstone of Facies C (11,6-12,4 m) is located above, 

marking a change from the conglomerate with nummulites at locality CT1-IV (Fig. 8.8). A 

slight increase in thickness, 0,3 m, of the sandy succession is present between locality CT1-IV 

and CT1-V (Fig. 8.7). Blue-grey silty mudstone of Facies A is located on top of the structureless 

very fine sandstone. 

The thin section shows a moderately sorted very fine sandstone with dominantly floating grains, 

but also some tangential and long grain contacts. The point counting analysis show that the 

sample consists of 17,69% calcite grains, 11,32% quartz and 51,65% matrix (Fig. 8.9). This 

mineralogical composition is very similar to the composition found at Locality CT1-III and 

CT1-IV, and represents a similar quartz/calcite-ratio (Fig. 8.9). No micas are present, while the 

amount of glauconite observed at Locality CT1-IV has increased to 3,30%. The amount of 

nummulites and shell fragments is 15,57%, and similar to what is present in locality CT1-IV. 

0,47% of the sample consists of clasts of carbonate, which have not been observed except from 

at Locality CT1-I (Fig. 8.9). Grains and bioclasts are randomly oriented. 

8.2.6 Locality CT1-VI 

A 3,8 m thick succession was logged at Locality CT1-VI, including the blue-grey silty 

mudstone of Facies A and structureless very fine sandstone of Facies C (Fig. 8.6 and 8.8). The 

lowermost 1,4 m of the succession consists of Facies A, followed by two 0,6 m beds of 

structureless very fine sandstone of Facies C (Fig. 8.6 and 8.8). Above, blue-grey silty mudstone 

is present, interbedded by two 0,15 cm thick beds of structureless very fine sandstone (Fig. 8.6). 

The thickness of the sandy succession is 1,2 m, and marks an increase in thickness and number 

of beds compared to Locality CT1-V (Fig. 8.7). No nummulites are present. 

The thin section shows a moderately sorted very fine sample with dominantly floating grains, 

although some tangential and long grain contacts are present. The sample consists of 46,06% 

calcite grains, 10,26% quartz and 41,29% matrix (Fig. 8.9). This is the highest counted 

percentage of calcite grains in CT1, and represents a significant decrease in the quartz/lithic 

carbonate-ratio (Fig. 8.9). 0,24% mica is present in this sample, in contrast to the samples 

collected at Location CT1-II, CT1-IV and CT1-V. Similar to CT1-IV and CT1-V, also this 

sample contains glauconite (1,19%). Similar to sample CT1-TS-I and CT1-TS-V, this sample 

contains clasts of carbonate (0,48%). The amount of bioclasts is 0,48%, and no nummulites are 

present. This represents a significant decrease compared to sample CT1-TS-VI (Fig. 8.9). 
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Quartz and calcite grains are subangular, the present mica is angular and the fragments of lithic 

carbonate is subrounded to rounded. The grains and bioclasts are randomly oriented. 

8.2.7 Locality CT1-VII 

Locality CT1-VII is represented by a 4,8 m thick logged succession, including blue-grey silty 

mudstone of Facies A and structureless very fine sandstone of Facies C (Fig. 8.7 and 8.8). A 

section of 3,5 m of Facies A is present in the lowermost part of the log, overlain by two 0,4 m 

thick beds of Facies C (Fig. 8.8). The sandy succession is 0,8 m thick, which is a decrease 

compared to Locality CT1-VI. Similar as to Locality CT1-VI, no nummulites are present at 

Locality CT1-VII (Fig. 8.7). 

The thin section shows a moderately sorted very fine sample with dominantly floating grains 

and some tangential and long grain contacts. The point counting analysis shows that the sample 

contains 10,42% calcite grains, 7,42% quartz and 67,70% matrix (Fig. 8.9). This is the highest 

measured amount of matrix of all the studied samples of CT1, and the second lowest 

quartz/lithic carbonate-ratio (Fig. 8.9). No mica is present in this sample. Similar to locality 

CT1-IV, CT1-V and CT1-VI, also this sample contains glauconite (0,48%) (Fig. 8.9). 5,98% 

bioclasts are present in this sample, with an average diameter of 1939 µm. Both the quartz and 

calcite grains are subrounded, and the grains and bioclasts show random orientation. 

8.2.8 Comparison 

The seven logs along Clinothem 1 (CT1) show marked differences. All localities, except from  

Figure 8.6. The structureless very fine sandstone beds of Facies C are interbedded in the blue-grey silty 

mudstone of Facies A. No nummulites are present at this location. 
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locality CT1-I, show upwards coarsening trends including a sharp based sandstone capping the 

successions (Fig. 8.7). Log CT1-I includes only sandstone deposits, which can explain the 

absent upwards coarsening trend (Fig. 8.7). The grain size decreases towards NW, from fine 

grained sand in Log CT1-I to a continuous fining of very fine sand towards Log CT1-VII (Fig. 

8.7). The thickness of the sandy successions decreases towards NW. Some local variations 

exist, such as Log CT1-II, which consists of thinner sandstone deposits than the surrounding 

logs (Fig. 8.7) This difference could be explained by the possibility that the upper part of the 

succession could have been affected by erosion.  

The amount of bioturbation is high (BI: 5) at locality CT1-I, while low or non-existent at the 

other localities (BI: 0-1) (Fig. 8.7). Some thin bedded sandstones of Facies B1 show slightly 

increased amounts of bioturbation (BI: 2), which is a common feature related to this facies (see 

Facies B1). 

Down-dip changes in facies are also observed in CT1. At the most southeastern locality, CT1-

I, the sandy deposits consist of the thoroughly bioturbated sandstone of Facies D. These deposits 

are interpreted as part of a lower shoreface environment (FA2) (Fig. 8.8). The following locality 

is situated only 50 m further NW, and consists of the conglomerate with nummulites of Facies 

H (Fig. 8.8). No signs of Facies D are observed at this location. The lack of deposits of Facies 

D and the close association with the blue-grey silty mudstone of Facies A suggest that these 

deposits are a part of the offshore depositional environment (FA1). As mentioned, locality CT5-

II might have been affected by erosion, which could have removed deposits of Facies D and 

thereby affect this interpretation. Further NW, the sandy beds continue to be represented by 

Facies H at locality CT1-III and CT1-IV, until the amount of nummulites decreases significantly 

at locality CT1-V and disappears completely at locality CT1-VI and CT1-VII (Fig. 8.8). The 

sandy beds at locality CT1-VI and CT1-VII are represented by the structureless very fine 

sandstone of Facies C of the offshore depositional environment (FA1).  

The sorting of detrital grains is moderate, and constant along the clinothem. If bioclasts are 

included in the sorting, CT1-TS-I, -II, -III, -IV and –V are poorly sorted, and a trend of 

increasing sorting towards NW is present. The roundness of the grains is constant through the 

clinothem. Considering the orientation of the grains, the long axis of larger bioclasts show some 

alignment with the bed boundaries. These bioclasts are located in the SE part of the clinoform, 

and the amount of bioclasts decrease significantly towards NW (Fig. 8.9). Random orientation 

is common for the very fine grained mineral grains. 
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Figure 8.7. Clinoform 1 is used to correlate the seven logs from CT1, which cover 1,4 km of the clinothem. The sampled localities are marked with a star, 

and pictures of the seven thin section is presented below. 
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Figure 8.8. Similar to Figure 8.7, the seven logs of CT1 are correlated by Clinoform 1. Based on the observed facies, the interpreted facies 

associations have been added to the illustration. CT1 consists mostly of FA1, the offshore depositional environment, except at Log CT1-I, 

which represents FA2, the lower shoreface environment. 
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Mineralogical development 

Thin sections from Clinothem 1 (Fig. 8.7) are used to get an indication of the downslope 

mineralogical development. Results from the point counting analysis are presented in Figure 

8.9, including grains, matrix and bioclasts. 

The main component in the samples from CT1 is matrix, which accounts for from 38,09% in 

sample CT1-TS-I to 67,70% in sample CT1-TS-VII (Fig. 8.9). An apparent increase in the 

relative amount of matrix is recognized towards the NW and distal part of the clinothem. The 

amount of matrix is compared to the two other main detrital components of the samples, quartz 

and lithic carbonate, in Figure 8.10. Compared with the lithological classification by (Hall, 

1997), all the samples from CT1 can be classified as calclithic wacke. The lithic carbonate 

includes calcite grains and clasts of carbonate (see chapter 8.1.1), and the relative amount 

increases from 23,64% in sample CT1-TS-I to 47,45% in sample CT1-TS-VI (Fig. 8.10). This 

trend shows that the amount of lithic carbonate increases towards NW in the clinothem, 

although some exceptions are present. One exception from the general trend is sample CT1-

TS-VII, which consists of only 19,69% lithic carbonate and represents the sample located 

Figure 8.9. Results from the point counting include the presence of quartz, clasts of carbonate, 

calcite grains, muscovite, biotite, glauconite, bioclasts and matrix. The amount of each group is 

presented in relative percent (%). 
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furthest NW in the clinothem (Fig. 8.10). Separating the two lithic carbonate components, it is 

evident that the amount of clasts of carbonate is less abundant in the samples than calcite grains. 

The highest amount (1,7%) of clasts of carbonate is present in the most SE sample, CT1-TS-I, 

and 0,47% and 0,48% are present in sample CT1-TS-V and CT1-TS-VI respectively (Fig. 8.11). 

These values show a decrease towards the NW part of the clinothem, which is opposite of the 

trend for all lithic carbonate. The amount of quartz decreases distally, from 24,92% in sample 

CT1-TS-I to 7,93% in sample CT1-TS-VII. Comparing the trends of the relative amount of 

lithic carbonate and quartz creates a decreasing quartz/lithic carbonate-ratio from the 

southeastern part of the clinothem towards the northwestern and more distal part (Fig. 8.12). 

 

The minor components of CT1 include muscovite, biotite, glauconite and the mentioned clasts 

of carbonate. The distribution throughout the clinothem is emphasised in Figure 8.11. 0,24% 

biotite is present in sample CT1-TS-I and CT1-TS-VI, while 0,22% muscovite is present in 

sample CT1-TS-III (Fig. 8.11). These results do not imply any significant trends. Glauconite is 

only present in sample CT1-TS-IV to CT1-TS-VII, and is therefore confined to the most distal 

part of the clinothem (Fig. 8.11). Sample CT1-TS-III consist of the highest amount of 

glauconite, 3,30%, while sample CT1-TS-VI and CT1-TS-VII consist of 1,19% and 0,48% 

respectively (Fig. 8.11).  

 

The amount of bioclasts shows a clear decreasing trend towards the more distal NW part of the 

clinothem, from 23,79% in sample CT1-TS-1 to 5,98% in sample CT1-TS-VII (Fig. 8.9). The 

highest content of bioclasts is present in sample CT1-TS-II (39,25%) while the lowest content 

is found in sample CT1-TS-VI (0,48%) (Fig. 8.9). Nummulites are the main component in the 

most proximal samples, CT1-TS-I and CT1-TS-II, and the tests show commonly no signs of 

abrasion. Sample CT1-TS-III to CT1-TS-V consist of a higher amount of shell fragments, and 

less nummulites. Thin section analysis show that the very fine grained grains are randomly 

oriented through the clinothem, while the larger bioclasts in CT1-TS-II to -V show some 

alignment parallel to the bedding. This feature is most prominent in CT1-TS-II and CT1-TS-

III. The orientation of bioclast and grains in CT1-TS-I is chaotic. 
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Figure 8.11. Distribution of the minor components along CT1. Glauconite appears in sample CT1-

IV, -V, -VI and –VII. No distinct trend is present in the other micas. The amount of clasts of carbonate 

decreases downslope, but appears both at locality CT1-VI and –VII. 
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8.3 Clinothem 5 (CT5) 

Clinothem 5 forms a traceable package that extends along the outcropping succession. The 

identified part of the clinothem is 1,8 km long, and the sandy part of the clinothem has a 

thickness ranging from 3,5-9,5 m. The clinothem includes well-developed topsets that extend 

across the outcrop, and are especially noticeable in the SE part of the mountainside (Fig. 8.1).  

Eight sedimentary logs were logged along CT5. Each log is 6-18 m long, spaced between 30-

520 m apart, generally around 100 m apart in the SE part of the outcrop and 300-520 m apart 

in the NW part (Fig. 8.1). Logs CT5-VI, CT5-VII and CT5-VIII represent parts of Log 1, Log 

3 and Log 4 respectively. Five samples were collected along the upper section at locality CT5-

I, CT5-II, CT5-III, CT5-IV, CT5-V and CT5-VII, and made into thin sections (Table 8.1). 

Certain characteristics from the logged sections are shown in Figure 8.13, 8.14 and 8.15. Figure 

8.16 and 8.17 show large-scale bed-features that can be followed through the SE part of the 

clinothem. 
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Figure 8.12. Comparison of the relative amount of quartz and limestone detritus. A clear increasing 

quartz/lithic carbonate-ratio is present downslope.  



DETAILED DESCRIPTION OF CT1 AND CT5  

 

85 

 

8.3.1 Locality CT5-I  

A 6 m thick succession was logged at Locality CT5-I, which is located at the SE edge of the 

study area (Fig. 8.1). The logged succession is a coarsening upwards unit comprising 

dominantly sandstone, and includes the thoroughly bioturbated sandstone of Facies D, the 

erosive undulating sandstone of Facies J2 and the tabular sandstone of Facies K (Fig. 8.13, 8.18 

and 8.19). The lowermost part of the succession (0-3,5 m) is partly covered by vegetation, 

which might indicate the presence of finer grained deposits. Between the non-exposed section, 

the lower part of the succession includes Facies D (0-0,5 m and 3,25-3,5 m) and Facies J2 (2,5-

2,8 m) (Fig. 8.13). The 30 cm thick section of Facies J2 includes two beds of cross lamination 

showing transport towards NW. The upper part of the succession (3,5-6 m) consists of Facies 

J2 and K, and is separated from the lower part by a sharp boundary. The succession of Facies 

J2 is 2,5 m thick (3,5-6 m), and consists of medium grained sand with 10-20 cm thick beds with 

commonly erosive undulating boundaries (Fig. 8.13). Soft-sediment deformation and 

concretions are present in this part, and the degree of bioturbation is 1 (Fig. 8.13). The overlying 

1,5 m consists of Facies K, which shows a decrease in grain size followed by an upwards 

coarsening from fine to medium grained sand. The beds are 15-40 cm thick, which is a 

distinguishable increase in bed thickness compared to the beds below (Fig. 8.13). These beds 

are homogenous in outcrop, and no internal structures are present. Erosion may have removed 

the deposits above the logged succession, and the succession might therefore be incomplete. 

The thin section CT5-TS-I shows a fine grained moderately sorted grain-supported sandstone, 

with dominating sutured contacts between quartz and carbonate grains. Some concavo-convex 

Figure 8.13. Multiple thin erosive based sandstone beds are present between 3,7 and 4,7 m, followed 

by apparent thicker sandstone beds towards the top of the logged succession. The topmost part of the 

sandy clinothem might be eroded. 
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and tangential grain contacts are also present. The mineralogy is dominated by clasts of 

carbonate (32,44%), calcite grains (20,49%) and quartz (8,54%) (Fig. 8.20). The relative 

amount of mica is 2,46%, and no feldspar is present. 10,98% of the sample consist of matrix. 

1,95% microcrystalline quartz are present in this sample, which is the highest amount of all 

samples collected from Clinothem 5 (Fig. 8.20). Grains of quartz and calcite are subangular, 

while clasts of carbonate are subrounded to rounded. Micas are angular, usually bent but not 

broken, with splayed ends. No bioclasts are registered by point counting, while observations 

identified an abraded brachiopod fragment and a fragment of a possible uniserial foraminifera.  

8.3.2 Locality CT5-II 

A 7 m thick succession was logged at locality CT5-II, and includes the thoroughly bioturbated 

sandstone of Facies D and the erosive undulating sandstone beds of Facies J2 (Fig. 8.18 and 

8.19). Similar to Log CT5-I, Facies D is located in the lowermost meter of the succession (0-1 

m), overlain by 3 m of un-exposed outcrop. The following 3,5 m of the succession includes two 

1 m thick packages of fine to medium grained erosive undulating sandstone beds of Facies J2, 

separated by an un-exposed section and a 50 cm thick succession of thoroughly bioturbated 

very fine sandstone of Facies D. This creates an upwards coarsening trend, similar to locality 

CT5-I (Fig. 8.18), and the un-exposed sections might indicate that the sandy deposits are 

separated by finer grained material. The deposits of Facies J2 consist of 1-5 cm thick fine 

grained sandstone beds that are characterized by a low bioturbation index (BI: 1). The bed 

boundaries are undulating and often erosive, and the bed thickness generally varies laterally. 

Both cross bedding and cross lamination are present, indicating apparent transport in both N-

NW and S-SE directions. A 0,5 cm pebble is present in the uppermost section of Facies J2. 

Erosion may have removed the deposits above the logged succession, and the upper part of the 

succession might therefore be incomplete. 

The thin section CT5-TS-II shows a medium grained well sorted grain-supported sample with 

dominating sutured contacts between quartz and carbonate grains. Some concavo-convex and 

tangential grain contacts are also present. Compared to sample CT5-TS-I, this sample represents 

an increase in both grain size and sorting. The clasts of carbonate have a larger mean grain size 

compared to the grains of quartz, feldspar and calcite. The point counting analysis shows a 

dominating content of clasts of carbonate, 38,31%, followed by 20,4% calcite grains and 

13,68% quartz (Fig. 8.20). Micas constitute 2,49% of the sample, and microcrystalline quartz 

1,74% (Fig. 8.20). This composition is quite similar to what is found in sample CT5-TS-I. In 
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addition, the sample from locality CT5-II includes 1,25% feldspar, and the amount of matrix 

has decreased to 7,46% (Fig. 8.20). The roundness of the grains and is similar to what is found 

in sample CT5-TS-I. One fragment of an echinoid test is observed. 

8.3.3 Locality CT5-III  

Locality CT5-III is represented by an 11 m thick succession, including the thoroughly 

bioturbated sandstone of Facies D, the cross-stratified sandstone of Facies E and the tabular 

bedded sandstone of Facies K (Fig. 8.14 and 8.19). Similar to locality CT5-I and CT5-II, Facies 

D is located in the lowermost part of the succession, followed by an un-exposed section (2-4,6 

m, Fig. 8.14 and 8.18). The upper part of the succession (4,6-11 m) is dominated by fine to 

coarse grained sand, resulting in an upwards coarsening succession. Low-angle cross laminated 

fine grained sandstone with erosional truncations of Facies E is present in the lowermost part 

of this section (4,6-6,5 m, Fig. 8.14), followed by tabular bedded sandstone of Facies K. The 

low-angle cross laminated sandstone shows apparent transport in a NW direction, while smaller 

cross lamination in the parallel bedded sandstone shows apparent transport both in a NW and 

SE direction. The tabular bedded sandstone consists of 40-50 cm thick beds in the lowermost 

part, followed by 10-20 cm thick beds with wavy bedding surfaces (Fig. 8.14). The uppermost 

part of the sandy succession includes 10-50 cm thick tabular beds. The presence of Facies K in 

the uppermost part of the succession is similar to what is observed at locality CT5-I. As 

compared to locality CT5-I and CT5-II where the sandy successions are 1-2,5 m thick, the 6 m 

thick sandstone succession at this location shows an apparent increase (Fig. 8.18).  

The thin section of sample CT5-TS-III shows a fine grained moderately sorted grain-supported 

sample with dominating sutured contacts between quartz and carbonate grains. Some concavo-

convex and tangential grain contacts are also present. Calcite grains are generally larger than 

quartz, feldspar and clasts of carbonate, a feature that is not recognized in other samples. The 

main grain composition of the sample includes calcite grains (25,12%), clasts of carbonate 

(14,73%) and quartz (10,87%) (Fig. 8.20). Compared to the previous described sample, the 

amount of clasts of carbonate have decreased significantly. In addition, this sample includes 

24,15% matrix, which is a considerably increase. No microcrystalline quartz or feldspar are 

present in this sample, and only 0,48% of the content is represented by micas (Fig. 8.20). The 

roundness of the grains is similar to sample CT5-TS-I and CT5-TS-II. 
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8.3.4 Locality CT5-IV  

A 11 m thick succession represents locality CT5-IV, including the thoroughly bioturbated 

sandstone of Facies D, the blue-grey silty mudstone of Facies A and the tabular bedded 

sandstone of Facies K (Fig. 8.18 and 8.19). The facies distribution is relatively similar to 

locality CT5-III, although no low angle cross stratification (Facies E) is present at this locality 

(Fig. 8.18). The thoroughly bioturbated lower fine sandstone of Facies D is present in the 

lowermost part of the log (0-2,5 m), interrupted by 1 m of un-exposed outcrop. Above this (2,5-

4 m), the blue-grey silty mudstone of Facies A is present (Fig. 8.18 and 8.19). This is a 

characteristic succession that can be recognized at all the former locations, and the presence of 

silt above Facies D supports the assumption that the previous described un-exposed sections 

cover finer grained material. A sharp boundary separates the silt from an overlying 7 m thick 

fine to coarse grained succession, creating an upwards coarsening trend. Similar to locality 

CT5-I and CT5-III, the sandy succession consists of tabular bedded sandstone of Facies K (Fig. 

8.19). Bed thickness varies throughout the succession. Between 5,5-8,2 m, the bed thickness 

ranges from 30-40 cm, while 5-20 cm thick beds are present above and below. Cross 

stratification and undulating boundaries are abundant in the 5-20 cm thick beds between 8,2-11 

m, and similar to locality CT5-III, show transport in apparent NE and SE directions. 

The thin section CT5-TS-IV shows a medium grained well sorted grain-supported sample with 

dominating sutured contacts between quartz and carbonate grains. Some concavo-convex and 

tangential grain contacts are also present. The point counting analysis shows that the sample 

Figure 8.14. The photos show the low-angle cross laminated sandstone of Facies E, which show 

transport in an apparent NW-direction. Facies E is observed in the lowermost part of the sandy 

succession in Log CT5-III.  
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consists of 22,17% clasts of carbonate, 20,96% calcite grains and 18,07% quartz (Fig. 8.20). 

The amount of quartz has increased compared to the previously described samples. A decrease 

in the amount of matrix are present compared to sample CT5-TS-III, as the amount of matrix 

at this locality is down to 14,46%. The amount of mica, 0,48%, is constant in sample CT5-TS-

III and IV, while the feldspar content increases from 0% to 0,96%. No microcrystalline quartz 

or feldspar are present in this sample (Fig. 8.20). The roundness of the grains is similar to the 

previously described samples. 

8.3.5 Locality CT5-V  

Locality CT5-V is represented by a 17,5 m thick succession, including the thoroughly 

bioturbated sandstone of Facies D and the tabular bedded sandstone of Facies K (Fig. 8.18 and 

8.19). Similar to the previously described localities, Facies D is present in the lowermost part 

of the succession (0-9,5 m). Above (9,5-17,5 m), a fine to upper fine grained succession of 

tabular bedded sandstone of Facies K is present (Fig. 8.19). In outcrop, these sandy deposits are 

more friable than the outcrop of Facies K at previous described localities. Individual beds that 

are 5-15 cm thick are located in the lower part (9,8-11 m), followed by 30-40 cm thick beds 

(11-17,5 m). Cross stratification is common up to 12,5 m, and shows apparent transport 

directions towards both NE and SW, with a dominant transport towards SW (Fig. 8.18). Above 

12,5 m the beds become more homogenous and no internal structures are present (Fig. 8.18). 

The thin section CT5-TS-V shows a medium to coarse grained and well sorted grain-supported 

sample with dominating sutured contacts between quartz and carbonate grains. Some concavo-

convex and tangential grain contacts are also present. Quartz, feldspar and clasts of carbonate 

have a significantly larger grain size than the calcite grains. The point counting analysis show 

that the sample consists of 27,32% clasts of carbonate, 21,38% quartz and 8,55% calcite grains 

(Fig. 8.20). These results represent a decrease in the amount of calcite grains compared to 

sample CT5-TS-IV, while the amount of quartz and clasts of carbonate increases. 8,55% of the 

sample consist of matrix, which is a significant decrease compared to sample CT5-TS-IV. 

Together with sample CT5-TS-II, these samples have the lowest amount of matrix of the 

samples from Clinothem 5. The amount of micas is constant compared with sample CT5-TS-

V, while the feldspar content shows a slight increase to 1,19%. 0,24% microcrystalline quartz 

is present in this sample, and microcrystalline quartz is thereby only found in sample CT5-I, 

CT5-II and CT5-V (Fig. 8.20). The roundness of the grains is similar to the previously described 

samples. A fragment of red algae and green algae is observed in the thin section. 
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8.3.6 Locality CT5-VI  

A 9 m thick succession is present at locality CT5-VI, and represents a part of Log 1. The 

succession includes the poorly sorted thoroughly bioturbated sandstone of Facies L, the tabular 

bedded sandstone of Facies K and the wavy bedded sandstone of Facies J1 (Fig. 8.15 and 8.19). 

Facies L is located in the lowermost part (94-96,5 m and 98,5-99 m), and is truncated by a small 

shoreface channel (99-99,5 m) (Fig. 8.15). Above (99,5-109 m), tabular bedded sandstone of 

Facies K dominates, with interbedded wavy bedded sandstone of Facies J1 in the lowermost 

part. Soft-sedimentation features are present in the transition from erosional undulating 

sandstone beds of Facies J2 to tabular bedded sandstone of Facies K. Two upwards coarsening 

successions are present, a feature that is not present at the previously described locations (Fig. 

8.18).  

8.3.7 Locality CT5-VII  

A 15 m thick succession in present at locality CT5-VII, which is a part of Log 3. Similar to 

locality CT5-III, this succession includes the thoroughly bioturbated sandstone of Facies D, the 

cross-stratified sandstone of Facies E and the tabular bedded sandstone of Facies K (Fig. 8.18 

and 8.19). Similar to most of the previous described localities, the lowermost part of the logged 

succession is represented by Facies D (55-57 m) followed by an un-exposed section (57-63 m). 

Above this (63-69,7 m), the succession is dominated by fine grained sand (Fig. 8.18). The lower 

part (63-65,2 m) consists of a complex of through cross stratification of Facies E, indicating 

apparent transport in a NE-SW direction, while the upper part (65,2-69,7 m) consists of tabular 

Figure 8.15. Log CT5-VI consists of two upwards coarsening successions, a feature that has not been 

observed at the other location. The tabular beds are thoroughly bioturbated (BI: 4). 
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bedded sandstone of Facies K (Fig. 8.19). Locality CT5-VII shows a facies distribution similar 

to locality CT5-III (Fig. 8.19). The bed thickness varies through the sandy succession, from 15-

20 cm thick beds in the cross stratified sandstone to 30-40 cm thick beds in the overlying parallel 

bedded succession. A decrease in bed thickness can be seen toward the top of the logged 

succession, where 15-25 cm thick beds undulating bed boundaries dominate (Fig. 8.18 and 

8.19).  

The thin section CT5-TS-VII shows a fine grained well sorted sample with dominating sutured 

contacts between quartz and carbonate grains. Some floating grains appear, and tangential 

contacts are more common than in the previous described samples of CT5. Grains of quartz and 

feldspar are generally smaller than clasts of carbonate and calcite grains. The point counting 

analysis shows that the sample consists of 21,48% clasts of carbonate, 12,17% quartz and 2,63% 

calcite grains (Fig. 8.20). Compared to the other samples of Clinothem 5, the amount of calcite 

grains is significantly lower in sample CT5-TS-VII. In addition, the amount of quartz is 

considerably lower than in the sample from CT5-TS-VI, although quite consistent with sample 

CT5-TS-II and CT5-TS-III (Fig. 8.20). No microcrystalline quartz is present, a feature also 

found at those localities. Similar to the more proximal samples CT5-TS-I and CT5-TS-III, no 

feldspar is present in this sample. The amount of mica is 0,48%, which is consistent with the 

two closest placed samples, CT5-TS-V and CT5-TS-VI. 10,26% matrix is present in sample 

CT5-TS-VII, an amount that is close to what is found in sample CT5-TS-I, -II, -IV and –V (Fig. 

8.20). The roundness of the grains is similar to the previously described samples. 

8.3.8 Locality CT5-VIII  

A 8,5 m thick succession was logged at locality CT5-VIII, which is a part of Log 4. The 

succession consists of the thoroughly bioturbated very fine sandstone of Facies D (Fig. 8.18 

and 8.19), and includes shell fragments, nummulites, gastropods and trace fossils. The upper 

3,5 m (79,5-93 m) was too steep to log. Locality CT5-VIII represents a significant change in 

the facies distribution in the clinothem, as the sandy deposits represented at the previously 

described locations no longer are present (Fig. 8.18 and 8.19).   

8.3.9 Comparison 

Study of the lateral and vertical organization of master bedding surfaces in Clinothem 5 shows 

tabular aggrading beds of Facies K, a geometry that extends throughout the sandy part of the 
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succession from locality CT5-III to locality CT5-VII (Fig. 8.16). Low-relief erosional bed 

boundaries are present in the sandy successions throughout the clinothem, while most 

prominent in the most southeastern localities, CT5-I to CT5-III. In addition, 10 m long and 0,5-

1 m deep convex-down erosional surfaces are observed a few meters NW of locality CT5-VI 

(Log 1) (Fig. 8.17). These erosional surfaces are infilled by material similar to the sandy 

surrounding beds. Master bedding planes can be distinguished from pictures representing steep 

parts of the outcrop, exemplified by Figure 8.16 and 8.17. Where the outcrop is less steep, such 

as at the logged localities, the master bedding planes are more difficult to recognize. As a 

consequence, the master bedding planes are challenging to identify and correlate between the 

logged sections. 

The sandy successions include beds ranging from 15-50 cm thick, with internal variations such 

as dune-scale cross stratification indicating apparent transport in both NW and SE directions 

and structureless deposits (Fig. 8.18). These beds can either be amalgamated or separated by 2-

10 cm thick wavy beds and slightly finer grained material in undulating cm-thick beds, which 

at Locality CT5-VI also include layers of biogenic material. Looking at the vertical facies 

distribution throughout the sandy successions of CT5-I to CT5-VII, the tabular bedded 

sandstone of Facies K is most abundant (Fig. 8.19). The lowermost part of the sandy successions 

can include the cross stratified sandstone of Facies E and the erosive undulating sandstone beds 

of Facies J2 (Fig. 8.19). The wavy bedding of Facies J1 is occasionally located between tabular 

sandy beds of Facies K. When looking at the lateral changes in the facies distribution, it is 

apparent that the erosive undulating sandstone beds of Facies J2 are more abundant in the 

southeastern part of the clinothem (CT5-I and CT5-II) (Fig. 8.19).  

Figure 8.16. The master bedding planes that can be observed from panorama photos are marked at 

an illustration of CT5. 3-4 bed boundaries are commonly distinguishable in the SE part of the 

clinothem, while one bed boundary dominates the NW part.   
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The combination of the tabular bedded sandstone of Facies K, the cross stratified sandstone of 

Facies E, the wavy bedded sandstone of Facies J1 and the sandy heterolithics of Facies J2 

represent part of the upper shoreface, FA4 (Fig. 8.19). These deposits are superimposed on the 

blue-grey silty mudstone of the offshore environment (FA1) and the thoroughly bioturbated 

very fine sandstone of the lower shoreface (FA2). 

Locality CT5-VIII includes the fine grained thoroughly bioturbated sandstone of Facies D and 

the blue-grey silty mudstone of Facies A, and shows marked differences from the more 

proximal localities in Clinothem 5 (Fig. 8.18 and 8.19). The otherwise dominating parallel 

bedded sandstone of Facies K is no longer present. The thoroughly bioturbated sandstone of 

Facies D and the blue-grey silty mudstone of Facies A represent a part of the lower shoreface 

depositional environment (FA2) (Fig. 8.19). Compared to the more SE part of the clinothem, 

the amount of bioturbation has increased considerably, and the only bed surface distinguishable 

at this locality is the sharp transition between Facies A and Facies D. A fauna including 

gastropods and nummulites is present at locality CT5-VIII, which has not been observed in 

more proximal parts of the clinothem. 

The facies change in dip direction of CT5 is thereby represented by a transition from facies 

representing the upper shoreface (FA4) to facies representing the lower shoreface depositional 

environment (FA2) (Fig. 8.19). The area covering the transition from FA4 to FA2 is poorly 

exposed, and makes it challenging to determine if the same beds of FA4 pass into FA2 

Figure 8.17. A close-up photo of the convex-down scour marks identified NW of Log CT1-VI (Log 1). 

The white lines represent the master bedding planes. 
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basinward, or if the transition is affected by erosion, reworking or gravitational processes such 

as slumping or sliding.  

A proximal (SE) to distal (NW) trend of decreasing average grain size (measured in field), 

increasing bioturbation and sorting has been documented. All logs from Clinothem 5 show 

upwards coarsening successions, although the fine to coarse grained part of the successions 

generally shows no specific grading (Fig. 8.18). Locality CT5-III and -VI are the exceptions, 

and include some upwards coarsening trends. Individual coarser beds (5-15 cm) appear at 

different stratigraphic levels, and are especially distinct at locality CT5-III, -IV and –VII (Fig. 

8.18). The roundness of the grains is constant throughout the clinothem. Less structures, such 

as cross stratification, and less distinguishable thinner beds are present at locality CT5-VI, -VII 

and -VIII than at the more proximal locations. When considering this information, the ability 

of bioturbation to decrease the visibility of sedimentary structures has to be kept in mind. The 

thickness of the complete sandy successions shows a significant increase towards 

approximately 10 m from the proximal to distal locations, excluding locality CT5-VIII (Fig. 

8.18). Locality CT5-I, -II and -III represents the thinnest sandy successions, which is 3,5 m, 1 

m and 6 m thick respectively (Fig. 8.18).  Recent erosion might explain the thickness of locality 

CT5-I and -II, as these are located in the uppermost part of the outcrop. As a consequence, only 

the lowermost meters of these successions might be present. 
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Figure 8.18. Clinoform 4 and 5 are used to correlate the eight logs from CT5, which cover 1,6 km of the clinothem. The sampled localities are marked 

with a star, and pictures representing the six thin sections are presented below.  
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Figure 8.19. Similar to Figure 8.17, the eight logs of CT5 are correlated by Clinoform 4 and 5. Based on the observed facies, the interpreted facies 

associations have been added to the illustration. CT5 consists mostly of FA4, the upper shoreface depositional environment, except from Log CT5-VIII, 

which represent FA2, the lower shoreface environment. The lowermost part of CT5 consists of FA1, the offshore depositional environment, overlying the 

clinothem below. 
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Mineralogical development 

Samples from Clinothem CT5 (Fig. 8.18) can provide an indication of the lateral mineralogical 

development. Results from the point counting analysis include mineral grains, clasts of 

carbonate, matrix and sparry calcite, and is presented in Figure 8.20. 

The three largest detrital components of the samples are compared in Figure 8.21, where the 

relative amount of quartz, matrix and lithic carbonate (including calcite grains and clasts of 

carbonate) are normalized. Based on the lithological classification based on Hall (1997), sample 

CT5-TS-I, -III, -IV and –VI can be classified as calclithic wacke, while CT5-TS-II and –V can 

be classified as calclithite. The relative amount of matrix is variable (8,55-24,64%. Not 

normalized values), with a general increasing trend of from locality CT5-I to -III, followed by 

a decrease from CT5-III to -VII (Fig. 8.19 and 8.20). The relative amount of quartz increases 

in the distal direction (8,54-21,38%), while the amount of lithic carbonate decreases (52,93-

24,11%) (Fig. 8.20 and 8.21). This creates a trend of increasing quartz/lithic carbonate-ratio   

towards the distal part of the clinothem (Fig. 8.22). Figure 8.20 shows that the amount of calcite 

grains decreases in a quite consistent manner (25,12-2,63%), while the amount of clasts of 

carbonate show a more uneven development along the section. Clasts of carbonate are most 

abundant in the most proximal parts of the clinothem with 32,44 and 38,31% at locality CT5-I  

Figure 8.20. Results from the point counting include the presence of quartz, clasts of carbonate, 

calcite grains, plagioclase, microcline, muscovite, biotite, microcrystalline quartz, sparry calcite 

(cement) and matrix. The relative amount of each group is presented in relative percent (%). 
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Figure 8.21. The three largest detrital components can be compared to show the 

variations in the original composition of the samples. Q represents detrital quartz, M 

represents detrital matrix and L represents lithic carbonate. Based on Hall (1997). 

large 

Figure 8.22. Comparison of the relative amount of quartz and lithic carbonate. A clear 

decreasing quartz/lithic carbonate-ratio is present downslope. 
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and –II, and show less relative amounts in more distal samples exemplified by 23,37% at 

locality CT5-IV and 21,48% at locality CT5-VII (Fig. 8.20). An exception to this trend is the 

sample from locality CT5-V, which includes 37,77% clasts of carbonate (Fig. 8.20).  

In addition to the three main detrital components, the samples include biotite, muscovite, 

microcline, plagioclase and microcrystalline quartz (Fig. 8.23). The relative amount of feldspar 

is low (0-1,25%), and the occurrence is randomly distributed throughout the clinothem. Similar 

to the occurrence of feldspar, the relative amount of mica ranges from 0,48-2,49% while 

microcrystalline quartz ranges from 0-1,95%. Both the amount of micas and microcrystalline 

quarts show a distinct decreasing trend toward the distal part of the studied section (Fig. 8.23).  

Low relative amounts of matrix are found in samples with medium grain size, such as locality 

CT5-II and -V. Analysis of the thin sections show some grain sizes that do not match with the 

field observations, especially in the distal samples, see Appendix A. This could be a result of 

differences in grain size between thin layers interbedded in the thicker homogenous looking 

beds, which were not identified in field. This occurrence of thin layers with variable grain size 

is supported by the identified coarser thin beds present at locality CT5-I to -VII and the 

interbedded wavy bedding (Facies J1) and erosive undulating sandstone beds (Facies J2) at 

locality CT5-I, -II, -VI and –VII.  
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Figure 8.23. Distribution of the minor components along CT5. The amount of mica (biotite and 

muscovite) and microcrystalline quartz show a decreasing trend downslope (towards CT5-VII). 

Microcline also shows a slight decrease, while plagioclase show a slight increase. Combined, the 

two feldspars microcline and plagioclase show no distinguishable trend. 
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8.4 Summary 

The main trends observed in Clinothem 1 are: 

- A gradual change in the sandy part of the clinothem from the thoroughly bioturbated 

sandstone of Facies D at the most southeastern locality, to the conglomerate with 

nummulites of Facies H and into the structureless very fine sandstone of Facies C in the 

most northwestern locality. These changes represent a transition from lower shoreface 

(FA2) and into the offshore depositional environment (FA1).  

- The thickness of the sandy deposits decreases from 3,5 m at locality CT1-I to 0,75 m at 

CT5-VII. 

- The grain size, thickness and degree of bioturbation of the sandy unit decrease towards 

NW. 

- The amount of bioclasts decreases towards NW. The southeastern part is dominated by 

nummulites, while shell fragments are more abundant in the distal part.  

- Bioclasts in the southeastern part of the locality are aligned approximately with the bed 

boundaries. 

- The sorting of detrital grains is moderate, and constant throughout the clinothem. If 

bioclasts are included, the sorting develops from poorly sorted in CT1-TS-I, -II, -III, –

IV and –V to moderately sorted in CT1-TS-IV and –IIV. The roundness of the different 

grains is constant throughout the clinothem. 

- No sedimentary structures indicating traction currents are present, except from in the 

thin bedded sandstone beds (Facies B1) that are deposited below the main sandstone 

bed. No bedding planes are present within the sandy section of the clinothem. 

- The quartz/lithic carbonate-ratio increases towards NW, together with the amount of 

matrix. The amount of clasts of carbonate shows a decreasing trend, while no regular 

trend is observed for muscovite and biotite. 

- Glauconite appears in the three most southeastern samples. 

The main trends observed in Clinothem 5 are: 

- Aggrading tabular beds are separated by defined bedding planes. This feature can be 

observed where the outcrop form cliffs, and is not as apparent at the logged localities. 

- Large parts of CT5, CT5-I to CT5-VII, consist predominantly of tabular bedded 

sandstone of Facies K, and different distributions of the following facies: Cross-

stratified sandstone of Facies E, wavy bedded sandstone of Facies J1, erosive undulating 
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sandstone beds of Facies J2. These combinations represent an upper shoreface 

depositional environment (FA4), which changes into a thoroughly bioturbated 

sandstone of Facies D in the most northwestern locality, CT5-VIII. This change 

indicates a transition from upper shoreface (FA4) into a lower shoreface depositional 

environment (FA2). 

- The thickness of the sandy successions increases from 4 m at locality CT5-I, to 9,5 m 

at locality CT5-VI. From CT5-VI to CT5-VIII, the thickness decreases to 8,5 m.  

- More erosional bed boundaries are present in SE than NW, although erosional 

boundaries are present until CT5-VII. 

- Less traction structures, such as cross stratification, are distinguishable towards the NW 

part of the clinothem. Bed boundaries also become harder to define, and the beds appear 

thicker than at the more SE localities. 

- Dune-scale cross-stratification shows transport in both NW and SE direction. 

- An overall decreasing grain size trends towards NW, although the grain size shows 

vertical variations at each locality.  

- The sorting of the grains increases towards NW, from moderately sorted to well sorted. 

The roundness of the grains is constant throughout the clinothem. 

- The degree of bioturbation increases towards NW, from 1 at locality CT5-I to 5 at CT5-

VIII. Local variations occur. Only occasional shell fragments are present in the analyzed 

samples, while a diverse assemblage of species is found at CT5-VIII. 

- The quartz/lithic carbonate-ratio increases towards the NW part of the clinothem. 

- The amount of matrix varies from 7,46-24,15%, with maximum in the central part of 

the clinothem, at CT5-III.  

- Both the amount of mica and microcrystalline quarts show a distinct decreasing trend 

toward the northeastern part of CT5. 

Comparison: 

- CT1 and CT5 both show a transition from shallower to deeper depositional 

environments. CT1 shows the transition from a lower shoreface depositional 

environment (FA2) into an offshore environment (FA1), while CT5 shows the transition 

from an upper shoreface environment (FA4) to a lower shoreface environment (FA2).  
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- Both clinothems represent an overall decrease in grain size and, including bioclasts, an 

increase in sorting towards NW. The roundness of the grains is constant in both 

clinothems. 

- CT1 and CT5 show opposite trends related to the degree of bioturbation. In CT1, the 

degree of bioturbation decreases towards NW, while the degree of bioturbation 

increases towards NW in CT5. The highest degree of bioturbation is found in lower 

shoreface deposits (FA2) in both clinothems.  

- The thickness of the sandy successions decreases towards NW in CT1, while increase 

in CT5. 

 

- The amount of matrix is higher in CT1 than in CT5 (Fig. 8.24).  

- The two clinothems show opposite development of the quartz/lithic carbonate-ratio. In 

CT1, the quartz/lithic carbonate-ratio decreases towards NW, while the ratio increases 

towards NW in CT5 (Fig. 8.24). 
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Figure 8.24. The ternary diagram shows the distribution of the three main detrital 

components; quartz, lithic carbonate and matrix for both CT1 and CT5. The samples from 

locality CT5-II and –V are classified as calclithite, while the rest of the samples are 

classified as calclithic wacke. 
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- CT5 includes a few percent feldspar and microcrystalline quartz, which are not present 

at all in CT1.  

- Clasts of carbonate are common in all samples from CT5 (14,73-38,31%), while only 

small amounts (0,47-1,70%) are present at three localities in CT1.  

- 0-0,24% mica is present in CT1 and 0,48-2,49% mica is present in CT5. A decreasing 

trend can be observed in CT5, while no trend is distinguishable in CT1.  

- CT1 includes glauconite in the three most distal samples, a mineral that is not observed 

in CT5. 

- CT1 includes up to 39,25% bioclasts, while no bioclasts are counted in CT5. Occasional 

observations of echinoid fragments and red and green algae. 
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9 Chapter 9: Discussion 

9.1 Clinothem 1 

9.1.1 What kind of processes affected the deposits? 

 

The sandy bed of CT1 include three facies, which represent he development of the clinothem 

from proximal to distal. The clinothem includes the thoroughly bioturbated sandstone of Facies 

D, the conglomerate with nummulites of Facies H and the structureless very fine sandstone of 

Facies C. The clinothem is generally characterized by sharp basal and upper boundaries, 

separating the sandy clinothem from the blue-grey silty mudstone of Facies A and the thin 

bedded sandstone of Facies B1 representing the offshore depositional environment (FA1). The 

sharp boundaries and the abrupt increase in grain size compared with the underlying deposits 

suggest episodic deposition (Hjulström, 1939), and the lack of internal traction structures and 

bioturbation implies rapid deposition (Gingras et al., 2007; Boggs, 2014). Based on these 

observations, the lack of vertical grain size trends and the characteristic textural and 

mineralogical lateral trends described in the following sections (Hampton, 1975; Aksu, 1984; 

Collinson et al., 2006; Talling et al., 2012), the deposits of Facies C and H in CT1 are interpreted 

as cohesive debris flow deposits (Mulder and Alexander, 2001; Talling et al., 2012). Because 

of the high amount of mud and the maximum grain size of very fine sand, the mass flow is more 

precisely described as a cohesive mud flow (Mulder and Alexander, 2001). The exception to 

these characteristics is locality CTI-1, which consists of the thoroughly bioturbated sandstone 

of Facies D, representing deposits of the lower shoreface (FA2).  

 

Cohesive mud and debris flows display plastic (Bingham) fluid behavior with laminar flow, 

where grains are supported by matrix strength (Johnson, 1970; Hampton, 1972; Hampton, 

1975). The cohesive nature of the flow is represented by a rigid plug of saturated sediments, 

where the internal velocity gradient is zero. If the internal shear stress is greater than the yield 

strength, shear zones will appear. The migration of the boundary between rigid and shear zones 

can cause grain size variations in the deposits based on the difference in competence (Hampton, 

1972). As a result, some debris flows show vertical grading of sediments (Aksu, 1984), although 

not recorded in this study. This could be related to the limited range of grain sizes present in 

the mud flow (Collinson et al., 2006). In addition, the presence of shear zones can result in 



DISCUSSION  

 

105 

 

shear fabric, which could explain the orientation of the long axis of nummulites aligned nearly 

parallel to the bedding planes at locality CT1-II and –III (Fig. 8.5). Shear fabric is also found 

in deposits in the marine coarse grained debris flows in Baffin Bay described by Aksu (1984) 

and in the coarse grained debris flows in Pintos Foreland basin described by Leigh and Hartley 

(1992). An alternate explanation of the alignment of nummulites in CT1-II and -III is the 

presence of turbulent flow at these localities, and re-orientation of bioclasts through upper flow 

regime plane beds (Simons et al., 1961; Southard, 1991). At locality CT1-II, the alignment of 

nummulites are present throughout the bed (Fig. 8.5), and not in defined zones, which could 

suggest mixing of the sediments and a fully turbulent flow. However, no additional features 

such as lamination of clastic grains are observed either in field or in thin section, and no signs 

of grain segregation or incremental layer-by-layer deposition are observed in field, features 

characteristic for turbulent flow deposits (Talling et al., 2012). This interpretation suggests a 

transition from turbulent to laminar flow between locality CT1-III and CT1-IV. Another 

suggested explanation is based on that CT1-II and CT1-III is deposited by different flow events 

than the downslope localities. This explanation cannot be confirmed, as the bed boundaries 

could not be traced in field. Considering the nummulite assemblages, CT1-II and the lower 

sandy bed of CT1-III both show a distribution of large and small nummulites resembling an 

allochthonous assemblage. This could suggest that these beds are related and result from the 

same flow event, while the upper sandy bed in CT1-III with a distribution of nummulites more 

similar to a parautochthonous assemblage were caused by another flow event. Based on these 

results, the interpretation of the flow processes responsible for the deposits at locality CT1-II 

and -III is speculative. As previously described, the deposits of locality CT1-IV to CT1-VII is 

interpreted as deposited from cohesive debris flows. During deposition of a cohesive debris 

flow the internal resistance of the flow overcomes the downslope pull of gravity (Hampton, 

1975), and the flow freezes as a consequence of cohesive grain interactions (Lowe, 1982). As 

the flow is mainly deposited en masse (Johnson, 1970), no traction currents are created. En 

masse deposition combined with the rigid plug flow create randomly orientated grains and tend 

not to segregate larger and smaller grains in the matrix (Mulder and Alexander, 2001; Talling 

et al., 2012), similar to what is found in CT1. The sorting of grains tend to be poor in deposits 

from en masse deposition, and the moderately sorted grains in CT1 can be explained by the 

limited range of grain size present in the transported sediment (Collinson et al., 2006). 
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9.1.2 Down-dip facies variations 

Downslope trends of decreasing grain size, decreasing bed thickness and increasing sorting 

(including bioclasts) present in CT1, are also found in descriptions of ancient debris flow 

deposits (e.g. Aksu (1984) and Bowles et al. (2003)). The decrease in thickness of CT1 is 

suggested to be related to a decrease in the gravitational component relative to the internal 

resistance in the mud flow, and thereby the efficiency of the mud flow (Middleton and 

Hampton, 1973; Hampton, 1975). The gravitational component can be related to the relative 

changes in gradients observed on the slope profile, which is depicted in Figure 9.1. In addition, 

the thinning of the mud flow can be a consequence of decreasing availability of sediment. The 

downslope decrease in grain size suggests that the mud flow sorts material based on density, 

which is supported by the deposition of larger bioclasts in the more proximal localities. Trends 

related to the textural maturity is diverging, including an increase in the relative amount of 

matrix and an increase in sorting, which substantiates the interpreted deposition by a cohesive 

flow (Aksu, 1984; Bowles et al., 2003). Considering the mineralogical composition, a 

basinward decrease in the compositional maturity is observed by the decreasing quartz/lithic 

carbonate-ratio. The distribution of mica and clasts of carbonate show no significant trends, and 

are only present in small amounts. The mineralogy and bioclast composition suggest that the 

samples are genetically related, showing a gradual downslope evolution. Comparing the 

minerals with their respective mean grain size (Appendix A), these results support the 

interpretation of down-dip sorting based on the density of different components, rather than 

mineral resistance. 

 

Glauconite is present in the three most distal samples, CT1-V, -VI and –VII, and occurs as 

infilling of bioclasts and oval shapes resembling pelloids. Based on the restricted occurrence 

and intrabasinal origin, the glauconite is interpreted as an autogenic mineral (Cloud Jr, 1955). 

The precipitation of glauconite requires normal marine salinity and reducing conditions, and is 

favored by high organic content in the bottom sediments and slow or negative sedimentation 

(Cloud Jr, 1955). As the samples are collected from the topmost layer of the clinothem at each 

locality, the presence of glauconite might reflect the overlying offshore environment which is 

dominated by hemipelagic sedimimentation. Based on this information, the distance from lower 

shoreface deposits (Facies D, locality CT1-I) to downslope reducing conditions (CT1-V) is 

measured to around 650 m. 

 



DISCUSSION  

 

107 

 

9.1.3 Facies variations related to the slope profile 

CT1 represents a part of the base of the Las Gorgas composite sequence, which coincides with 

a major basinward shift in facies (Wadsworth, 1994; Dreyer et al., 1999). The composite surface 

is described in chapter 2.4.2, and Figure 9.1 shows a profile of the surface traced from the 

Arcusa anticline in the SE to the eastern flank of the Boltaña anticline in the NW (Dreyer et al., 

1999). CT1 is located at the northwestern flank of the Arcusa anticline, where the base of the 

Las Gorgas sequence is characterized as an unconformity with a limited erosional relief (Fig. 

9.1).  

 

Figure 9.1. A) Profile showing the base of the Las Gorgas CS between the Arcusa anticline in the 

SE and Boltaña anticline in NW, modified from Dreyer et al. (1999). The relative placement of 

Clinoform 1 is annotated on the profile. B) Log localities are placed on the slope profile of CT1, 

modelled by Olsen (2017). The interpreted mass flow is illustrated, showing the transition from lower 

shoreface sandstone to the initiation of the mass flow. Downslope of the most NW field observation, 

the development of the flow is suggested based on Dreyer et al. (1999). 
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Dreyer et al. (1999) described the deposits overlaying the unconformity close to the Arcusa 

anticline as generally less than 0,5 m thick, fine- to very fine-grained sandstones interpreted as 

distal delta front deposits (Facies association 2 of Dreyer et al. (1999)). These deposits can be 

compared to the thoroughly bioturbated sandstone of Facies D described in this study, 

interpreted as lower shoreface deposits (FA2). The deposits of Facies D at locality CT1-I fit 

therefore well with the previous described deposits overlying the base of Las Gorgas sequence 

close to the northwestern flank of the Arcusa anticline (Dreyer et al., 1999). Tracing the 

clinothem further NW, the slope steepens and facies change from lower shoreface deposits 

(FA2) into mass flow deposits represented by Facies H and C. This change suggests the 

presence of an initiation point of the mass flow between CT1-I and CT1-II, which limits an area 

of 50 m in dip direction (Fig. 9.1). Combining the sedimentary logs with the modelled clinoform 

geometry by Olsen (2017), the initiation of the mass flow is located slightly updip of the 

position of the topset-foreset rollover, and at the beginning of an apparent steepening of slope 

gradients (Fig. 9.1). The rollover-point is modelled, and the actual rollover of the clinoforms 

can be described as a zone. Steepening slope gradients decrease the stability of the sediments, 

and inherent gravitational instabilities can in combination with external factors such as 

earthquakes, floods or storms result in initiation of mass flows (see chapter 4.2.3) (Wright, 

1977; Nemec et al., 1988; Bhattacharya, 2006; Leeder, 2009).  

 

Following the presented hypothesis of deposition from turbulent flow at CT1-II, a transition 

from tabular to laminar flow occurs between CT1-II and CT1-III. This kind of flow transition 

can occur in low strength cohesive debris flows (Talling et al., 2012), however, associated with 

a decrease in flow velocity. Comparing the position of the localities to the slope profile (Fig. 

9.1), the relative slope gradient appears to increase between the two localities. The increasing 

slope gradient does not substantiate the interpretation of a decrease in flow velocity, although, 

if the flow includes additional sediment from the sea bed the transition could occur. However, 

the mud content of the deposits ranges from 39,08-67,70% (Fig. 8.9), suggesting a strong 

cohesive component of the flow and not a low strength cohesive debris flow (Mulder and 

Alexander, 2001; Talling et al., 2012), leaving the interpretation of the mass flow deposits open. 

 

The fulcrum of both the northwestern flank of the Arcusa anticline and the southeastern flank 

of the Boltaña anticline are placed in Figure 9.1, and represent the line of zero net-movement 

of the shoreline (Dreyer et al., 1999). Between these lines the base of the Las Gorgas sequence 



DISCUSSION  

 

109 

 

is represented by a conformity (Fig. 9.1), characterized by sediment bypass only distinguishable 

by a change in color (Dreyer et al., 1999). This knowledge can be used as a supplement in this 

study, as the lack of mass flow deposits downslope of the fulcrum suggests that the cohesive 

mud flow of CT5 either terminates before this point or transfers into a bypassing flow (Fig. 

9.1). 

9.2 Clinothem 5 

9.2.1 What kind of processes have affected the deposits? 

Sharp to low-relief erosional surfaces separate the tabular sandstone beds that dominate CT5, 

which contain both massive sandstones and dune-scale cross stratification (Fig. 8.18). The 

alternating sedimentary structures suggest changing depositional processes, such as rapid 

deposition of massive sandstones associated with sudden deceleration (Middleton and 

Hampton, 1973; Talling et al., 2012), deposition of dune-scale cross stratification from traction 

currents (Shanmugam et al., 1993) and erosional surfaces created by high-energy events 

(Hjulström, 1939; Bates, 1953). The abundance of traction structures and erosional surfaces 

suggest deposition from a turbulent flow (Talling et al., 2012), and the vertical intrabed 

transitions between structureless sandstones, dune-scale cross stratification and erosional or 

sharp surfaces reflect changing flow properties with time. Development of cross stratification 

requires time for the sediment to be sufficiently reworked by traction, and thick beds containing 

traction structures (e.g. locality CT5-III) suggest gradual deposition from sustained currents 

(Plink-Björklund and Steel, 2004). Combined with the delta-top depositional environment (Fig. 

9.1), the tabular sandstones are interpreted as a result of hyperpycnal flows (Bates, 1953; 

Wright, 1977; Mulder and Alexander, 2001; Mulder et al., 2003; Mutti et al., 2003; Zavala et 

al., 2011). The travel distance for surge-type turbidites from the mouth bar depositional 

environment is proposed to be too short to organize the deposits.  

 

The generation of hyperpycnal flows is related to rivers in flood (Mutti et al., 1996; Mutti et al., 

2000), and the efficiency of the flow and thereby intrabed variations in the deposits are 

commonly associated with the river hydrograph (Mulder et al., 1998; Tinterri, 2007; Zavala et 

al., 2011). Flood events consist of both waning and waxing currents, and can therefore create 

both upwards coarsening and fining deposits which can show gradual and continuous 

transitions (Mulder et al., 1998). Waxing currents in high magnitude floods commonly create 
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sharp or erosive boundaries separating the upwards coarsening from the upwards fining 

deposits, and the erosion often inhibits the preservation of the waning current deposits (Mulder 

et al., 2003). These sharp or erosive boundaries are a common feature in CT5, suggesting 

deposition through multiple flood pulses, supported by the vertical variations in grain size. 

However, no inversely graded beds or distinctive continental organic material are present in the 

deposits. Generally, no grading is present in the beds, which could be a consequence of the 

abundant bioturbation. Another explanation is related to the depositional profile of hyperpycnal 

flows, as the part of the hyperpycnal flow that is dominated by suspension (Fig. 9.2) can create 

more homogenous deposits (Zavala et al., 2011). Up-dip correlations with genetically related 

mouth bar deposits would have been beneficial to corroborate the interpretation of hyperpycnal 

flows (Plink-Björklund and Steel, 2004; Tinterri, 2007), however, these deposits are eroded 

from the outcrop. 

 

Reliable indicators of storm processes such as hummocky cross-stratification are not developed 

in CT5, or anywhere in the study area. Reworking of the deposits by storm processes is therefore 

suggested to be limited. Wave ripples are observed between massive sandstone beds at locality 

CT5-VI, suggesting deposition above fair-weather wave base (Peters and Loss, 2012) and 

influence by wave activity in periods with less fluval input. The dune-scale cross stratification 

observed throughout the clinothem shows apparent transport in both NW and SE directions. 

Because the measurements could be based on apparent transport directions of 3D dunes, the 

results are not unambiguous, although abundant apparent opposing current indications suggests 

some variations in transport directions. These variations could be related to topographic 

differences and infilling by migrating dunes. Looking at previous work including larger parts 

of the Sobrarbe delta, e.g. Hall (1997) and Wadsworth (1994), observations of abundant, 

regularly-spaced clay drapes including tidal bundles, reactivation surfaces and herringbone 

ripple cross-lamination are registered. Both authors conclude with significant tidal influence, 

and Wadsworth (1994) proposes evidence of tidal currents strong enough to transport up to 

coarse grained material. The presence of tidal signatures are located at different stratigraphic 

levels, and Wadsworth (1994) therefore assumes that the Sobrarbe delta was normally affected 

by tidal processes. Based on these previous observations, tidal influence is suggested as a 

potential explanation of the diverging apparent transport directions, although no unambiguous 

indications of tidal influence (such as double mud drapes, herringbone cross-lamination or tidal 

bundles (Dalrymple et al., 1992)) were recorded in the field during this study. 
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Certain bed boundaries in CT5 are more distinctive, and referred to as master bedding planes. 

The master bedding planes can be identified in cliff-forming parts of the studied outcrop, while 

difficult to recognize and correlate to less steep and less preserved outcrops, and separate well 

defined amalgamated sandstone bodies (Fig. 8.17). Following the master bedding planes along 

the outcrop, a low-relief erosive component is apparent, while no forsets or diverging 

geometries of the bedding planes are visible. Gawthorpe et al. (2000) interpreted two of the 

master bedding planes as regressive surfaces (see Rs 7 and 8 in Gawthorpe et al. (2000)), in 

addition to the lower boundary of the sandy clinothem. This interpretation was based on general 

observations of sharp boundaries, pebble lags and mud chips, in addition to large-scale angular 

unconformities with diverging patterns downslope (Gawthorpe et al., 2000). However, our 

detailed study of CT5 has not recorded any downslope diverging features associated with the 

master bedding planes in CT5. Additionally, master bedding planes are an abundant feature in 

CT5, as shown in Figure 8.17. Four bed boundaries are clearly distinguishable, including the 

lower boundary of the sandy clinothem. Based on these observations, erosive hyperpycnal 

flows could be an alternative explanation. 

 

Individual beds between the master bedding planes are not laterally extensive, which can 

explain some of the lateral differences regarding the amount of matrix and grain size (based on 

results from the thin section analysis, Fig. 8.20 and Appendix A). Assessing the grain size in 

CT5-I to CT5-VII, the general trend shows a decrease in grain size basinward, while individual 

beds show irregular variations. The lateral limitation of individual beds can also provide a 

possible explanation for why the bi-directional cross stratification appears at different levels at 

the different locations, and that no systematic vertical patterns of tidal influence are observed 

within the clinothem. The lack of along-dip lateral extension of beds could be a combination of 

natural down-dip pinch-out and the lateral discontinuous erosional surfaces of the hyperpycnal 

flows (Zavala et al., 2011).  

9.2.2 Down-dip facies variations 

In the SE, interpreted as the most proximal part of the clinothem, bed boundaries are dominantly 

erosional. Following the clinothem further NW and basinward, the bed boundaries become less 

erosional and are mostly sharp. The basinward decrease in the erosional component coincides 

with decreasing energy of both fluvial and tidal processes with increasing depth and distance 
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from the shoreline (Bates, 1953; Howarth, 1982; Cummings et al., 2006). Hyperpycnal flows 

can be described by a characteristic depositional profile (Fig. 9.2), including a basinward 

deceleration and transition from transport by bedload to aggradational settling from suspended 

load (Mulder et al., 2003; Schomacker et al., 2010; Zavala et al., 2011). Deceleration of the 

hyperpycnal flow fits well with the generally decreasing grain size trend, and transition towards 

less sediment transported as bedload could explain why cross stratification is more frequent in 

the proximal part than the distal part (Fig. 9.2). However, the decreasing visibility of the cross 

stratification might also be related to the basinward increase in bioturbation. The high amount 

of bioturbation in the more distal part of the clinothem indicates periods of calm energy 

conditions between each sedimentation event, allowing colonization of the seabed and 

extensive reworking of the sediments (Gingras et al., 2007). This interpretation is substantiated 

by the presence of symmetrical wave ripples between some of the beds. These periods of low 

energy may imply that flood events were occasional, and that each hyperpycnal bed was 

separated by periods of normal discharge. Another explanation suggest that CT5 was located 

downslope of the reach of most hyperpycnal flows, and that only occasional large floods 

generated hyperpycnal flows that were able to transport sediments down to CT5. The most 

distinct change in facies in the clinothem is located between CT5-VII and –VIII, and is 

represented by the transition from the fine grained tabular bedded sandstones (Facies K) of FA4 

to the thoroughly bioturbated sandstone (Facies D) of FA2 (Fig. 8.18 and 9.2). However, the 

outcrop is poorly exposed, and the characteristic features of the transition is therefore not 

presented. The extent of the transition zone is narrowed by the use of panoramic photos of the 

clinothem, resulting in an area of 50-60 m northeast of CT5-VII (Fig. 9.2). The transition from 

FA4 to FA2 represents a decrease in grain size and an increase in bioturbation and the 

abundance of bioclasts. The diverse fauna and high bioturbation index suggest that the distal 

part of CT5 had improved living conditions compared to the more proximal described deposits, 

including good oxygen conditions and lower rates of sedimentation (Gingras et al., 2007). 

Lower rates of sedimentation could imply a depositional environment affected by only the most 

distal and fine grained part of the hyperpycnal flows, if not additionally out of reach of most 

hyperpycnal flows. 

The total thickness of the sandy deposits in CT5 increases distally towards CT5-VII. This 

increase in thickness could be related to the increased amounts of erosion by fluvial and tidal 

processes in the proximal areas, in addition to a basinward increase in accommodation. When 

combining the logs of CT5 with the modelled slope profile by Olsen (2017), CT5-VII is located  
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Figure 9.2. A) The main characteristics of a marine sustained sediment-laden fully turbulent 

hyperpycnal flow and the development of the main depositional processes. Bed load processes develop 

at the sea bed beneath an overpassing sustained turbulent flow. Deposition from suspended load is 

related to the gravitational collapse of suspended load by the turbulent flow. Once the sediment 

concentration decrease to a certain threshold, the buoyancy between the ambient and the effluent 

reverses. Lofting deposits results from the fallout of fine grained material from the uplifted fresh 

water. CT5 is suggested to include all processes. Modified from Tinterri (2007) and Zavala et al. 

(2011). B) Log localities are placed on the slope profile of CT5, modelled by Olsen (2017). The 

relative amount of suspended load to bed load is interpreted to increase basinward. 
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just downslope of where Olsen (2017) places the clinoform topset-foreset rollover-point  

(Fig. 9.2). The rollover-point is the point where shelf sands often reach their maximum 

thickness (Dixon et al., 2012), although with some exceptions (Poyatos-Moré et al., 2016). 

Maximum thickness of sandy deposits close to the clinoform rollover-point is consistent with 

the observations of CT5.  

9.2.3 Textural and compositional maturity 

 

The samples collected in the uppermost part of Log CT5-I to CT5-VII (Fig. 8.18) show an 

increase in sorting, constant roundness and a variable amount of matrix basinward. Note that 

no samples were collected from CT5-VIII, and this locality is therefore not discussed in this 

section. The increase from moderate to well sorted deposits and the constant roundness are 

attributed to suggests a small increase in the textural maturity basinwards. However, by adding 

the variable amounts of matrix, the trend gets more ambiguous and inconclusive. 

 

Deposition during high relative influence of turbulent bed friction is characterized by rapid 

deceleration and thereby rapid deposition of the effluent (Wright, 1977). When the fluvial input 

is affected by tidal and wave processes at the fluvial-marine transition zone (Gugliotta et al., 

2016), additional disturbance of the vertical density gradients will promote more rapid mixing 

of the effluent and ambient waters at the river mouth (Wright, 1977). Basinal processes can 

therefore promote rapid settling of the river input, depositing the coarsest material close to the 

river mouth (Wright, 1977). Rapid deposition would prevent thorough sorting of the sediments 

at the river mouth (Mutti et al., 2003; Tinterri, 2007), and the depositional sorting is suggested 

to increase basinward. This interpretation is consistent with the results of this study, where the 

grain size shows a general decreasing trend basinward and the deposits change from moderately 

sorted to well sorted as moving to more distal positions. Despite these matching results, 

potential post-depositional reworking has to be considered. Based on the observed bidirectional 

cross stratification, tidal reworking of the sediments has been proposed, also in line with 

previous works (Wadsworth, 1994; Hall, 1997). Tidal energy is mostly affected by either 

vertical or lateral confinement of the tidal wave, and will therefore tend to be higher at the lower 

delta plain and upper delta front than in more distal and less confined areas (Jeffreys, 1921; 

Howarth, 1982; Gugliotta et al., 2016). The increase in tidal energy enhances the bottom shear 

stress, and thereby the reworking of sediments (Jeffreys, 1921). High tidal influence can 
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therefore enhance the sorting of the proximal delta front deposits (Dalrymple et al., 1992; 

Gugliotta et al., 2016). However, by comparing characteristic sorting pattern of tidal deposits 

with the observed sorting in the samples collected along the clinothem, sorting by tidal currents 

is not apparent. The stratigraphic level that was sampled is therefore interpreted to have been 

mainly affected by fluvial processes. 

 

Compared to the textural composition of the samples, the mineralogical composition shows a 

stronger trend of increasing maturity towards the NW and distal part of the clinothem. The 

relative abundance of less resistant minerals show a significant decrease (Fig. 8.20), which fits 

well with increasing distance of transport by traction by the suggested hyperpycnal flow. The 

trend of increasing compositional maturity towards the distal part of the clinothem is well 

illustrated by the increasing quartz/clasts of carbonate-ratio (Fig. 8.22). An alternate 

interpretation includes wave reworking of the most distal deposits. However, preserved signs 

of wave activity (such as symmetrical ripples) are rare in the studied area. These observations 

substantiate the interpretation of the suggested influence of fluvial processes on the samples.  

9.2.4 Facies variations related to the slope profile 

As mentioned, the most distinct facies change in CT5 appears over an area of 50-60 m downdip 

(NE) of CT5-VII (Fig. 9.2). As shown in Figure 9.2, CT5-VII is located approximately 150 m 

downdip of the clinoform rollover-point (as modelled by Olsen (2017)). Based on this 

information, the transition from FA4 to FA2 is completed within 200 m downslope of the 

modelled clinoform rollover-point. Favorable living conditions is thereby present both on the 

foreset and the NE part of the topset, and no signs of reducing conditions are observed 

throughout CT5. 

9.3 Comparison of the facies distribution of CT1 and CT5  

CT1 and CT5 represent two different depositional environments characterized by the influence 

of different depositional and post-depositional processes. CT1 displays the transition from a 

lower shoreface environment (FA2) to an offshore environment (FA1), characterized by 

deposits from a cohesive mud flow. In comparison, CT5 shows the transition from an upper 

shoreface environment (FA4) to a lower shoreface environment (FA2), dominated by deposits 

from decelerating hyperpycnal flows and possibly tidal processes. The most distinctive facies 
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change is located about 600 m upslope of the modelled clinothem rollover in CT1, while located 

about 200 m downslope in CT5. Comparing the present facies, CT5 displays transitions 

between shallower marine deposits than CT1, and CT5 shows transport of shoreface sands 

further down the clinothem slope than CT1. Some similar trends can be made out from the 

results from the two clinothems, including a basinward increase in sorting, constant rounding 

of the grains and a decrease in grain size.  

 

Comparing the other results for each clinothem, several different trends are described.  A 

basinward decrease in thickness is observed in CT1, while the thickness of the sandy deposits 

of CT5 increases. Based on the interpreted processes affecting the two sandbodies, the decrease 

in thickness in CT1 is related to the decreasing efficiency of the mud flow downslope, 

suggestively caused by the decreasing slope gradient (Middleton and Hampton, 1973; 

Hampton, 1975). In comparison, the thickness of the upper shoreface sand deposits of CT5 

increase basinward because of less erosion by fluvial and tidal processes, and an increase in 

accommodation (water depth) (Bates, 1953; Howarth, 1982; Cummings et al., 2006). 

Comparing the down-dip distribution of bioturbation, a basinward decrease is present in CT1, 

while an increase is present in CT5. In CT1, the decrease is suggested to be related to the 

transition from lower shoreface deposits with favorable living conditions to rapidly deposited 

mud flow deposits in a reducing environment. The high amounts of bioclasts in CT1 (up to 

39,25%) are interpreted to be sourced from the lower shoreface sandstone, and the amount of 

bioclasts decrease downslope in the cohesive mud flow deposits. In CT5 the basinward increase 

in bioturbation is interpreted as a consequence of decreasing sedimentation rates and improved 

living conditions related to the deceleration of hyperpycnal flows (Gingras et al., 2007). 

Comparing the distribution of bioturbation in the two clinothems, CT1 shows a transition from 

favorable living conditions on the delta top to reducing conditions at the delta front, while CT5 

shows a transition from a high-energy environment with sparse bioturbation at the delta top, to 

favorable living conditions on the delta front. The comparisons between the two clinothems 

suggest that even though both clinothems represent a depositional environment closely related 

to the slope break, they are deposited under significantly different conditions.  

 

The mineralogical composition of the two clinothems CT1 and CT5 is quite similar, but 

includes some significant differences. CT5 includes higher amounts of less resistant minerals 

such as feldspar, clasts of carbonate and rock fragments, suggesting less reworked sediments 
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compared to CT1, with the caveat that the two clinothems have a similar original composition. 

This interpretation fits well with the present facies, as CT1 displays more distal deposits than 

CT5. Considering the down-dip mineralogical trends, the development of compositional 

maturity is quite interesting; CT5 displays a continuous basinward increase in the compositional 

maturity, with decreasing relative amounts of less resistant minerals. This is interpreted as a 

result of a dominating fluvial influence. In CT1, the basinward composition shows a decrease 

in the compositional maturity. Combined with the decrease in grain size, the early deposition 

of larger bioclasts suggests that the mud flow sorts the sediment based on the density of the 

different components, in contrast to mineral resistance.  

9.4 Facies distribution and clinothem-geometries 

The clinoforms related to the two clinothems have been shown to fit with a Gaussian equation 

by Olsen (2017), and both clinothems have been interpreted as sigmoidal clinothems based on 

the clinothem classification of Anell and Midtkandal (2015) (Olsen, 2017). The lower boundary 

of CT1 is not defined, and the clinothem geometry is therefore based on the geometry of the 

upper boundary. Two models describing the development of sigmoidal geometries have been 

proposed. Several projects, such as Sangree and Widmier (1978), Kertznus and Kneller (2009), 

Helland-Hansen (1992) and Helland-Hansen and Hampson (2009), associate sigmoidal 

clinothems with low energy environments, restricted modification of the deposits, increasing 

accommodation and high rates of deposition. In contrast, Adams and Schlager (2000), Schlager 

and Adams (2001) and Adams et al. (2001) propose that sigmoidal clinothems are developed 

in high-energy environments, as a consequence of erosion and redistribution of sediment with 

low rates of sedimentation.  

Accommodation is commonly agreed on to be the most important control on the type of 

clinothem geometry that develops (Helland‐Hansen and Hampson, 2009), which has also been 

proposed for the clinothems in the Las Gorgas CS (Olsen, 2017). Variations of the clinothem 

geometry are further influences by pre-existing topography, sediment influx, depositional 

processes and reworking of sediments (Reynolds et al., 1991; Orton and Reading, 1993; Pirmez 

et al., 1998; Steel and Olsen, 2002; Carvajal et al., 2009; Helland‐Hansen and Hampson, 2009; 

Anell and Midtkandal, 2015). The detailed sedimentological analysis of the two sigmoidal 

clinothems conducted in this study may add to the understanding of how small-scale processes 

can affect the clinoform geometry.  
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9.4.1 Transport of sediments across the shelf-edge 

When comparing the facies distribution in the two clinothems relative to the slope profile made 

by Olsen (2017), the downslope extent of sandy shoreface deposits is the most distinctive 

difference. In CT1, lower shoreface deposits are deposited landward of the slope break, while 

the same facies is deposited down the shelf slope in CT5. Adding the downslope changes in 

thickness of the sandy deposits of each clinothem, it is evident that the basinward transport of 

sandy deposits over the slope break is significantly larger in CT5 than in CT1. 

The proximal part of CT5 is interpreted as a high-energy environment dominated by fluvial 

(hyperpycnal) and possibly tidal processes, with occasional influence by waves. Abundant 

erosional boundaries suggest either downslope or upslope transport of upper shoreface deposits, 

and the shoreward interpreted decrease in accommodation suggests that most of the deposits 

were transported basinward. Combined with the basinward uniform thickness of the sandy 

deposits, the transport of sediments across the shelf-edge is interpreted to have been effective. 

CT1 shows an alternate trend, where the sandy deposits are transported over the shelf-edge by 

a mud flow that thins out downslope. Only one mud flow is identified, suggesting that the 

transport of sand across the shelf edge in CT1 was limited. As a result of these processes, the 

thickness of the shelf deposits compared to the shelf-slope deposits are relatively uniform in 

CT5, while the thickness decreases from shelf to slope deposits in CT1. In addition, these 

interpretations reflect two clinothems dominated by different energy conditions, depositional 

processes and amounts of redistribution of shelf deposits, while at the same time representing 

a sigmoidal geometry. Larger datasets are acquired to evaluate the significance of these results 

related to the discussion regarding what kind of processes that dominates the shape of sigmoidal 

clinothem geometries. 

9.4.2 Slope gradient 

The distribution of sandy deposits can also affect the slope gradient of the delta front. Coarse 

non-cohesive deposits are associated with steeper slopes, while muddy cohesive deposits tend 

to form less steep slopes (Gilbert, 1885; Orton and Reading, 1993; Pirmez et al., 1998). 

Hyperpycnal flows are effective mechanisms transporting sand basinward, and are suggested 

to increase the slope gradient in CT5. The opposite process might be the case in CT1, where a 

debris (mud) flow transport sediments from the shelf and deposit on the slope profile, 
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decreasing the gradient of the shelf slope (O’Grady and Syvitski, 2001; Gerber et al., 2008). 

The fact that only one mud flow was observed in CT1 limits the effect of this process. 

However, comparing the slope of CT5 with CT1, the slope of CT1 is measured to be steeper by 

Olsen (2017). A suggested theory is a difference in the rate of sediment input, as studies of 

modern sigmoidal continental margins suggest a connection between gentler slopes under high 

sediment input (O'Grady et al., 2000; Sømme et al., 2009). Consequently, limited sediment 

input is associated with steeper slopes (O'Grady et al., 2000; Sømme et al., 2009). When 

comparing the sedimentological data from the logs located closest updip of the rollover point 

on both clinothems (Log CT1-IV and Log CT5-VI), a higher degree of bioturbation is present 

in CT1 than CT5. Additionally, the presence of glauconite downslope in CT1 indicates low 

sedimentation rates, while the approximate same point in CT5 consists of lower shoreface 

deposits. Based on this information, higher sedimentation rates are interpreted for CT5 than 

CT1 (Cloud Jr, 1955; Gingras et al., 2007).  

The study of Olsen (2017) suggested that differences in accommodation (water depth) and 

tilting caused by differential subsidence were the main controls on the geometry of the 

clinothems of the Las Gorgas CS. CT1 is by Olsen (2017) interpreted to have been affected by 

more subsidence than CT5, which was deposited during a period of lower tectonic activity. 

Differences in sediment input might have contributed towards the resulting slope geometries, 

as it is generally agreed on to be an important mechanism influencing the clinothem shape 

(Carvajal et al., 2009; Anell and Midtkandal, 2015). However, not enough information is 

available in this study to determine if sediment input is the most influential process apart from 

accommodation. 
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10 Chapter 10: Conclusions 

The down-dip tracing of two sandy clinothems in the Eocene Sobrarbe delta provides insight 

in the downslope distribution of depositional and post-depositional processes. Both clinothem 

1 and 5 represent the transition from delta top to delta front, however, the deposits result from 

the influence of different processes.  

- CT1 includes three different facies, which show the downdip transition from lower 

shoreface deposits to cohesive mud flow deposits associated with reducing conditions 

in the offshore environment. The most distinct facies transition is located updip of the 

slope break, at the beginning of an apparent steepening of the delta slope. 

- No conclusive interpretations are presented for the proximal part of the identified mass 

flow in CT1. Aligned nummulites are either suggested to be related to the presence of 

limited shear zones in an otherwise rigid mud flow, a turbulent flow that transforms into 

a cohesive mud flow downslope or that the deposits including the aligned nummulites 

represent separate flows. 

- Downslope changes in thickness and textural and compositional trends in CT1 are 

related to the efficiency of the mud flow, which sorts the deposits based on the density 

of the sediments. The decreasing efficiency is interpreted to be partly a consequence of 

the decreasing slope gradient.  

- The most distinct facies change in CT5 is the transition from upper shoreface fine 

grained sandstones to lower shoreface very fine grained sandstones. The transition is 

completed within 200 m downslope of the topset-foreset rollover. 

- CT5 represents sandier and more proximal deposits than CT1. In CT5, basinward 

changes in thickness, bioturbation index and textural and mineralogical trends are 

interpreted as the consequence of deposition by multiple hyperpycnal flows. Clear signs 

of tidal influence are not found in this study, however, wave activity is suggested to 

have affected the sediment during calm periods. 

- Both clinothems show a basinward increase in sorting, constant rounding of grains and 

a decrease in grain size. 

- Differences related to the thickness of the sandy deposits and textural and compositional 

trends in the two clinothems are related to the interpreted depositional processes. 

Deposits that are interpreted to result from hyperpycnal flows (CT5) show a basinward 

increase in thickness, increase in bioturbation and a decrease in the relative amount of 
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less resistant minerals. In contrast, deposits interpreted to result from a cohesive mud 

flow and the lower shoreface deposits updip of the initiation show a basinward decrease 

in thickness, decrease in bioturbation and an increase in the relative amount of less 

resistant minerals. 

- Both clinothems are bounded by sigmoidal clinoforms. However, the two clinothems 

show different internal characteristics. CT5 shows effective transport of sand over the 

topset-foreset rollover by hyperpycnal flows in a high-energy upper to lower shoreface 

environment. CT1 is situated in a calm lower shoreface to offshore environment, where 

sediments on the foreset are deposited by a cohesive mass flow and as hemipelagic  clay.
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11 Appendix A – Thin section analysis 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Clinothem CT1 CT1-TS-I CT1-TS-II CT1-TS-III CT1-TS-IV CT1-TS-V CT1-TS-VI CT1-TS-VII 

Quartz 18,93 9,21 10,20 11,54 11,32 10,26 7,42 

Muscovite 0,00 0,00 0,22 0,00 0,00 0,00 0,00 

Biotite 0,24 0,00 0,00 0,00 0,00 0,24 0,00 

Clasts of 

carbonate 
1,70 0,00 0,00 0,00 0,47 0,48 0,00 

Matrix 39,08 40,57 53,44 56,25 51,65 41,29 67,70 

Calcite grains 16,26 10,96 17,52 17,07 17,69 46,06 18,42 

Bioclasts 23,79 39,25 18,63 14,90 15,57 0,48 5,98 

Glauconite 0,00 0,00 0,00 0,24 3,30 1,19 0,48 

Counts 412 456 451 416 424 419 418 

Grain size  137,4 116,3 116,7 115,8 106,9 99,6 94 

Quartz 138,5 118,3 103 116,5 89,2 97,5 83,7 

Calcite 135,1 111,3 146,7 114,5 124,6 101,6 104,5 

Sorting 
Moderately 

sorted 

Moderately 

sorted 

Moderately 

sorted 

Moderately 

sorted 

Moderately 

sorted 

Moderately 

sorted 

Moderately 

sorted 

Roundness               

Quartz Subangular Subangular Subangular Subangular Subangular Subangular Subangular 

Calcite Subangular Subangular Subangular Subangular Subangular Subangular Subangular 

Mica Angular   Angular     Angular   

Clasts of 

carbonate 

Subrounded-

Rounded 
        

Subrounded-

Rounded 
  

Table A. Results from the point counting and thin section analysis of the samples of clinothem CT1. 
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Clinothem CT5 CT5-I CT5-II CT5-III CT5-IV CT5-V CT5-VII 

Quartz 8,54 13,68 10,87 18,07 21,38 12,17 

Muscovite 0,24 0,75 0,00 0,24 0,48 0,24 

Biotite 1,22 1,74 0,48 0,24 0,00 0,24 

Microcline 0,00 1,00 0,00 0,48 0,48 0,00 

Plagioclase 0,00 0,25 0,00 0,48 0,71 0,00 

Clasts of carbonate 32,44 38,31 14,73 23,37 37,77 21,48 

Matrix 10,98 7,46 24,15 14,46 8,55 10,26 

Calcite grains 20,49 20,40 25,12 20,96 8,55 2,63 

Sparry clacite 

(cement) 
24,15 14,68 24,64 21,69 21,85 52,98 

Microcrystaline 

quartz 
1,95 1,74 0,00 0,00 0,24 0,00 

Counts 410 402 414 415 421 419 

Grain size (μm) 244,3 357 159,4 327,9 463,4 156,5 

Quartz, feldspar 246,4 332,1 152,3 331,8 526 110,5 

Clasts of carbonate 267,2 416,7 135,2 338,7 440,1 219,8 

Calcite 196 365,4 214,4 299,9 292 203,6 

Sorting 
Moderately 

sorted 
Well sorted 

Moderately 

sorted 
Well sorted Well sorted Well sorted 

Roundness             

Quartz Subangular Subangular Subangular Subangular Subangular Subangular 

Calcite Subangular Subangular Subangular Subangular Subangular Subangular 

Mica Angular Angular Angular Angular Angular Angular 

Clasts of carbonate 
Subrounded-

Rounded 

Subrounded-

Rounded 

Subrounded-

Rounded 

Subrounded-

Rounded 

Subrounded-

Rounded 

Subrounded-

Rounded 

Table B. Results from the point counting and thin section analysis of the samples of clinothem CT5. 
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12 Appendix B – Log legend 
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13 Appendix C – Log 1 
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14 Appendix D – Log 2 
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17 Appendix G – CT1 
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