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Abstract 
This study investigates the Sobrarbe Formation, which was deposited as a deltaic succession 

in the Ainsa Basin during the Upper Lutetian. The formation is exceptionally well exposed in 

the western flank of the Ainsa Basin, and sedimentological data and pictures were collected 

from outcrops in this part of the basin to be able to identify and characterize clinoform and 

clinothem geometries. Curve fitting was performed on the slopes of the identified clinoforms 

to get a better understanding of how clinoform and clinothem geometries develop. The 

clinoforms were divided into the three basic types of slopes: sigmoidal, exponential and 

linear. In addition to the slope identification, internal characteristics and several geometrical 

parameters have been studied.  

 

The study identifies four clinothems bounded by clinoform surfaces, where three of the 

clinothems can be divided into two types of geometries: two sigmoidal clinothems with a 

sigmoidal bounding clinoform, and one asymmetric bottom-heavy clinothem with a linear 

bounding clinoform. By studying each clinothem and the energy interpreted to have affected 

the deposits, no clear trend could be observed between the energy and the formation of 

specific clinothem geometries.  

 

Accommodation is thought to be the most important factor affecting the clinoform/clinothem 

development in the Sobrarbe deltaic complex. The sigmoidal clinothems were deposited 

during increased accommodation with a sediment supply higher than the rate of creation of 

accommodation (S>A). The linear/asymmetric bottom-heavy clinoform/clinothem is 

suggested to be the result of a more complex development in two stages: the first stage 

characterized by limited topset accommodation and a higher sediment supply to the foreset 

segment, whereas the second part of the development is characterized by increased 

accommodation across the whole clinothem. Overall the studied succession is thought to have 

been deposited during a relative sea level rise, with a higher sediment supply than the rate of 

creation of accommodation (S>A). This study suggests that in a tectonically active basin, 

such as the Ainsa Basin, the available accommodation space plays a more important role than 

the sediment supply in controlling the steepness of foreset segments.  
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1 Chapter 1: Introduction 
 

The Ainsa Basin in the southern part of the Pyrenees, Spain, was formed as a result of the 

Pyrenean orogeny from Upper Cretaceous to Lower Miocene (Beaumont et al., 2000), and 

was filled in with sediments during the Eocene (Dreyer et al., 1999). The Ainsa Basin shows 

the development from deep-marine sediments of the San Vicente Formation (Mey et al., 

1968) to deltaic deposits of the Sobrarbe Formation, the formation studied in this thesis, and 

fluvial deposits of the Escanilla Formation on top (Dreyer et al., 1999). Sediments were 

deposited synchronous to tectonic activity, and it is possible to observe how tectonics has 

affected sedimentation in an active foreland basin setting. This is why the basin has been 

such an interesting area to study (Puigdefàbregas & Souquet, 1986; de Boer et al., 1991; 

Dreyer et al., 1999). Some of the best and most spectacular of the deposits in the Ainsa Basin 

(according to Dreyer et al. (1999)) is the delta of the Sobrarbe Formation which formed from 

Middle to Late Eocene. The Ainsa Basin is also considered such an interesting study area 

because of the subsidence rate, which is interpreted to have been high during the deposition 

of the different formations, resulting in an exceptionally good preservation (De Frederico, 

1981 in Wadsworth (1994)). The sedimentation rates are also interpreted to have been high, 

which eventually resulted in deposition of shallow to marginal-marine sediments as the basin 

filled in (De Frederico, 1981 in Wadsworth (1994)).  

 

In this study several clinoforms and clinothems have been studied, together with 

sedimentological data from logs through the Las Gorgas composite sequence (by Dreyer et 

al. (1999)). The Las Gorgas composite sequence is the second oldest of four composite 

sequences that make up the Sobrarbe deltaic complex (Dreyer et al., 1999). The study area 

and log locations are illustrated in Figure 1.1. In the western flank of the Ainsa Basin, the 

Sobrarbe deltaic complex is exceptionally well exposed (Gawthorpe et al., 2000), which 

makes this a good area to study clinoform and clinothem geometries. Clinoforms exist on 

many scales, from delta deposits, that can be some tens of meters thick, to continental-shelf 

scale of many hundreds of meters (Pirmez et al., 1998). Clinoform surfaces can be barriers to 

fluid flow if they are composed of low-permeability lithologies. In these cases, they are 

important to map out in the petroleum industry, as it is important to know how and why the 

fluid flow is affected (Graham et al., 2015). Knowledge of how different clinoform 

geometries are created, and which factors that control their formation are therefore of high 
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interest (Pirmez et al., 1998; Anell & Midtkandal, 2015). An increased understanding of how 

clinoform geometries develop might also contribute to get better predictions of the 

distribution of sediment in a depositional system (Anell & Midtkandal, 2015). The topset of 

clinothems are thought to reflect the changes in relative sea level (Cathro et al., 2003), which 

make these segments important in studies where the aim is to study sea level changes through 

time. Clinoform characteristics, such as shape, sediment composition and the clinoform size 

have been suggested to provide information about the depositional environments and energy 

processes that affected the deposits (Sangree & Widmier, 1978; Pirmez et al., 1998). The 

aims of this study are related to these aspects of clinoforms and clinothems, and can be 

divided into three parts: 

 

1. To identify and classify different types of clinoforms and clinothems in outcrop based 

on slope curvature and internal characteristics of each clinothem 

2. To discuss relative sea-level changes based on shoreline-trajectory and sequence 

stratigraphy and relate to clinothem development 

3. To observe variations in facies between different clinothems and discuss how they 

relate to the formation of different types of clinothems 

 

Hopefully, this study can contribute to an increased understanding of clinoform and 

clinothem geometries, and which factors control their development.    

Figure 1.1: A Map of the study area. Log trace positions are marked as red dots (see legend). B The 
Sobrarbe and the Escanilla Formation in the study area are marked with colors (see legend). 
Villages, roads and rivers are marked. A square marks the study area enlarged in A. (Map from Bing 
(Microsoft, 2017)), and figure modified from Dreyer et al. (1999)) 
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2 Chapter 2: Geological setting 
 

2.1  Development of the Pyrenean orogen 

 

The Pyrenean orogen, which has an east-west trend (Bentham et al., 1992), is located at the 

boundary between southern France and northern Spain (Fig. 2.1). It was created as a result of 

the collision between the Iberian and the Eurasian plate from the Upper Cretaceous to Lower 

Miocene (Beaumont et al., 2000), which resulted in the subduction of the Iberian plate 

(Puigdefàbregas et al., 1992). The orogeny is an asymmetrical, double-wedge continental belt 

with a northern and southern thrust wedge. Both of the wedges have a foreland basin, which 

is situated on each side of the central duplex called the Axial Zone (Fig. 2.1 & Fig. 2.2) 

(Vergés et al., 2002; Muñoz et al., 2013). The southern thrust wedge developed on the Iberian 

plate and mainly consists of thrust sheets imbricated towards the south (Fig. 2.2) (Muñoz, 

1992; Vergés et al., 2002).  

 

 

 

Figure 2.1: Overview map of the Pyrenean orogenic belt, which is located at the boundary between 
Spain and France, illustrated by the inserted picture in the upper right. The most important structural 
elements are illustrated including the South Pyrenean Central Unit (SCU), which is composed of the 
Bóixols, Montsec and Serres Marginals thrust sheets. The Ainsa Basin is located between the 
Boltaña anticline (B) and the Mediano anticline (M) with the Tremp-Graus Basin to the east and 
Jaca Basin to the west (modified from Muñoz et al. (2013) and McCann and Arbués (2012)). 
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The southern thrust wedge is composed of three main cover thrust sheets: Bòixols in the 

north, followed by Montsec and Serres Marginals to the south (Fig. 2.2) (Muñoz, 1992; 

Muñoz et al., 2013). These cover thrust sheets are referred to as the South Central Pyrenean 

Unit (Fig. 2.1) (Seguret, 1972 in Muñoz et al., (2013)). These thrust sheets were imbricated 

southward from the Upper Cretaceous to the Oligocene, in a piggy-back sequence (Muñoz, 

1992; Muñoz et al., 2013). A piggy-back basin is according to Ori and Friend (1984) defined 

as a basin that develops on top of active thrust sheets. The Bòixols thrust sheet is the oldest of 

the three thrust sheets, and developed from the Upper Cretaceous. The Montsec thrust sheet 

developed during the Paleocene to Upper Ypresian (Lower Eocene), while the Serres 

Marginals thrust sheet, which is the youngest, developed during the Lutetian (Middle 

Eocene) to the Oligocene (Muñoz et al., 2013). The South Central Pyrenean unit consists of 

rocks of Mesozoic age, in addition to deposits of Paleogene age deposited synchronous to the 

tectonic activity (Muñoz, 1992).  

 

During the formation of the Pyrenean orogen, foreland basins developed in front of the 

southward-moving thrust sheets (Farrell et al., 1987). Puigdefàbregas et al. (1975) (in Farrell 

et al. (1987)) referred to the basins that developed in front of the three cover thrust sheets as 

the South Pyrenean foreland basin. These basins are the Tremp-Graus Basin to the east, the 

Ainsa Basin and the Jaca Basin to the west (Fig. 2.1) (Farrell et al., 1987).  

Figure 2.2: A cross-section through the Pyrenean orogen from the Eurasian plate in the north to 
the Iberian Plate in the south (see location of the cross-section in Figure 2.1). The three thrust 
sheets that make up the South Pyrenean Central Unit are all represented. The figure illustrates how 
the Iberian plate was subducted under the Eurasian plate. Bx=Bòixols, SM=Serres Marginals 
(modified from Muñoz et al. (2013)). 



University of Oslo                                                                                                                            Olsen, 2017 
	

	 5 

2.2  The Ainsa Basin 
The Ainsa Basin is a NNW-SSE oriented basin with a synclinal form situated in the southern 

part of the central Pyrenees (Gawthorpe et al., 2000; Scotchman et al., 2015) on top of the 

Gavarnie thrust sheet (Seguret, 1970 in Kjemperud et al., 2004; Fernández et al., 2012). The 

width of the basin is today approximately 25 km, while the length is 40 km, and the 

sediments in the basin were deposited along a north- to northwest axis (Dreyer et al., 1999; 

Scotchman et al., 2015). The basin started to develop at the transition between the Upper 

Ypresian and the Lutetian (Dreyer et al., 1999; Scotchman et al., 2015), and the Gavarnie 

thrust sheet started to develop during the Lutetian (Fernández et al., 2012). The Mediano and 

the Boltaña anticlines, are the boundaries to the east and west respectively (Fig. 2.1), and they 

separate the Ainsa Basin from the Tremp-Graus Basin (to the east) and the Jaca Basin (to the 

west) (Scotchman et al., 2015). The Cotiella thrust complex is the northern margin, while the 

Serres Marginals thrust is the boundary to the south (Scotchman et al., 2015). Two anticlines, 

the Arcusa and the Olson anticlines, affected the sediments deposited in the southern and 

central parts of the Ainsa Basin (Gawthorpe et al., 2000). 

 

Structural development of the Ainsa Basin 

In the Ainsa Basin structural features, such as the Boltaña and the Mediano anticlines, have a 

N-S trend, which is different from the overall WNW-ESE trend of the Pyrenean orogen. The 

structural trend in the Ainsa Basin is interpreted to be a result of the distribution of Triassic 

evaporites (Muñoz et al., 2013). The evaporites are not present below the Upper Cretaceous 

and Paleozoic rocks in the west-central southern Pyrenees. However, they decouple the 

Mesozoic cover sediments from the basement in the central Pyrenees (Muñoz, 1992; Muñoz 

et al., 2013). This led to a differential displacement of the Gavarnie thrust sheet, which 

resulted in a clockwise rotation (Fig. 2.3). Hence, the Ainsa Basin experienced rotation 

during the formation of the Pyrenean orogeny as measured by paleomagnetic data (Muñoz et 

al., 2013). In contrast, no rotation has been recorded in the west whereby thrust sheets could 

not be displaced as easily. The rotation was most pronounced in the Lower Eocene and 

decreased with time, and led to the N-S trend that can be observed in the Ainsa Basin (Muñoz 

et al., 2013).  
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In the Lower Eocene, the basin experienced flexural subsidence as the South Pyrenean 

Central Unit started to move towards the south. This led to deposition of sediments in a 

foredeep basin, resulting in the development of the deep-marine parts of the Ainsa Basin 

(Dreyer et al., 1999; Scotchman et al., 2015). The Gavarnie thrust sheet developed as 

deformation continued into the Middle Eocene (Fernández et al., 2012). At this time, the 

Ainsa Basin evolved from a foredeep basin to a piggy-back basin (Dreyer et al., 1999). The 

Mediano anticline also started to develop during Upper Ypresian by thrusts detached in the 

Triassic evaporites (Farrell et al., 1987). These thrusts led to the formation of the Boltaña 

anticline towards the end of Ypresian (Farrell et al., 1987; Fernández et al., 2012). During the 

Middle Lutetian to Lower Bartonian the basin became shallower, and marginal- and shallow-

marine deposits (including the Sobrarbe deltaic complex) were deposited (Dreyer et al., 

1999). Eventually, the basin was filled in with delta top conditions by Lower Bartonian 

(upper Middle Eocene). From this time the sediments deposited in the basin consisted of 

fluvial and floodplain deposits of the Escanilla formation (Dreyer et al., 1999). The N-S-

oriented structures in the Ainsa Basin forced the deltaic and fluvial deposits to prograde in a 

NNW direction (Dreyer et al., 1999). In Upper Eocene to Oligocene times there was a further 

displacement of the South Pyrenean thrust system, including the Gavarnie thrust sheet on top 

of which the Ainsa Basin is situated, which is thought to be the final stage of the 

development of the Ainsa Basin (Puigdefàbregas & Souquet, 1986; Puigdefàbregas et al., 

1992; Scotchman et al., 2015). 

 

Figure 2.3: A schematic illustration of how the salt distribution in the eastern part affected the 
movement of the thrust sheets with time (from 1-4). The eastern side is located on top of the 
evaporites, and can therefore move more easily than the western side. Differences in the amount of 
displacement resulted in a clockwise rotation of the Gavarnie thrust sheet and the N-S trending 
anticlines and synclines in the Ainsa Basin (modified from Muñoz et al. (2013)).  
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2.3  Regional Stratigraphy 

 

The nomenclature used to describe the stratigraphy in the Ainsa Basin is very complex and 

sometimes confusing as several authors use different names for the same formations 

(Wadsworth, 1994; Hall, 1997; Scotchman et al., 2015). The nomenclature used in this thesis 

is based on the system of Wadsworth (1994)(Fig. 2.4), which is adapted from Van Lunsen 

(1970), Puigdefàbregas (1975), De Frederico (1981) and Mutti et al. (1988). Figure 2.4 shows 

an overview of the different formations that were deposited in the Ainsa Basin through the 

Eocene, and at which time each formation was deposited. 

 

Approximately 5 km of basin fill, displaying an overall regressive trend from deep marine to 

fluvial deposits, can be found in the Ainsa Basin (Dreyer et al., 1999). The age of the deep-

marine deposits was established using foraminifera to be Lower to Middle Eocene (more 

precisely Upper Ypresian and Lutetian), and they were deposited during a period of 10-12 

million years (Pickering & Corregidor, 2005). Deposition took place during the formation of 

the South Pyrenean foreland basin when subsidence rates were at the highest (Sutcliffe & 

Pickering, 2009). Deltaic and fluvial deposits overlying the deep-marine deposits have been 

dated to be of Middle Lutetian to Bartonian age (Dreyer et al., 1999). 

 

The San Vicente Formation (deep-marine) 

The San Vicente Formation (Fig. 2.4), which makes up a large part of the deposits in the 

Ainsa Basin, was deposited from Upper Ypresian to Lutetian (McCann & Arbués, 2012). 

Figure 2.4: The Eocene stratigraphy in the study area. The Sobrarbe Formation is the studied 
formation in this thesis (figure modified from Dreyer et al. (1999), geological time scale from 
Ogg et al. (2016)).  
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These deep-marine deposits, also known as the Hecho Group turbidites, are shaped as a large 

clastic prism that is 175 km long, 40-50 km wide and with a maximum thickness of 3500 m 

(Mutti, 1983). The deep-marine deposits are interpreted to have been supplied from a fluvio-

deltaic complex in the southeast, and associated subaqueous sediment gravity flows toward 

northwest (Arbués et al., 2007; Pickering & Bayliss, 2009). The San Vicente Formation 

consists mostly of mudstone, but also includes six to eight sandy depositional complexes 

(turbidite systems) (Pickering & Corregidor, 2005; Pickering & Bayliss, 2009; McCann & 

Arbués, 2012). Each of the turbidite systems are a few hundreds of meters thick, and consists 

of sequences of sand-rich deposits interbedded with marl and some silt that can be several 

hundred meters thick (Pickering & Corregidor, 2005; McCann & Arbués, 2012). The 

depositional direction for these sandy units was from the south and southeast towards north 

and northwest (Pickering & Corregidor, 2005; Heard et al., 2008). The younger sediments 

show a more south-westward transport direction than the deposits in the lower part of the 

basin, and the degree of deformation caused by the development of the Pyrenean orogen 

decreases as the deposits get younger (Pickering & Corregidor, 2005).  

 

The Sobrarbe Formation and the Sobrarbe deltaic complex 

The Sobrarbe deltaic complex (after Dreyer et al. (1999)) was deposited in a deltaic setting 

(Fig. 2.4), and represents the shallow marine part of the infilling of the Ainsa Basin (Bentham 

& Burbank, 1996; Gawthorpe et al., 2000). The formation consists mostly of mudstone and 

sand with grain sizes ranging from fine to coarse (Wadsworth, 1994; Dreyer et al., 1999). The 

deltaic deposits were forced into the basin from the southeast, which resulted in a dominant 

transport direction towards northwest (Dreyer et al., 1999; Gawthorpe et al., 2000). Both 

clastic and carbonate sediments are observed (Hall, 1997). The stratigraphic architecture of 

the Sobrarbe deltaic complex was affected by the growth of the Arcusa anticline, which led to 

changes in the available accommodation space in the basin resulting in tilting and steepening 

of pre- and syn-tectonic clinothems (Dreyer et al., 1999). According to Dreyer et al. (1999), 

the Sobrarbe deltaic complex is thought to have been deposited during a period with high 

generation of accommodation space, and the fact that the complex shows an overall 

progradational pattern indicates that the average rate of sediment supply must have been 

equal to or higher than the rate of subsidence (Dreyer et al., 1999). 

 

The Sobrarbe Formation is a part of the Sobrarbe deltaic complex, which includes the upper 

parts of the San Vicente formation, the Sobrarbe Formation and the lower to middle part of 
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the Mondot member of the Escanilla Formation (Dreyer et al., 1999). The Sobrarbe deltaic 

complex has a maximum thickness of approximately 1000 m, and it was deposited in the 

southern part of the Ainsa Basin (Dreyer et al., 1999). It was deposited over a period of 3 

million years, and Dreyer et al. (1999) estimated that the average sedimentation rate (without 

including the amount of compaction) was approximately 32 cm/ka.  

 

The Sobrarbe deltaic complex can be divided into three types of sequences based on 

hierarchy: one tectonostratigraphic unit that can be further divided into four composite 

sequences, which again are divided into several minor sequences (Dreyer et al., 1999). The 

larger scale unit is called the Arcusa tectonostratigraphic unit, and represents the last stage of 

the Eocene infilling of the Ainsa Basin (Muñoz et al., 1998; Dreyer et al., 1999). Changes in 

eustatic sea level, combined with the rate of tectonic deformation, led to the formation of 

tectonostratigraphic sequences (Dreyer et al., 1999). 

The four composite sequences (Fig. 2.5) are divided by regressive unconformities (Dreyer et 

al., 1999). The names of these sequences are Comaron, Las Gorgas, Barranco el Solano and 

Buil composite sequence, listed from the oldest to the youngest. The composite sequences 

(CS) reflect changes in the relative sea-level with a period of 0.75 Ma, and in each of these 

Figure 2.5: The four different composite sequenced defined by Dreyer et al. (1999) are illustrated, 
each with a different colour. The Comaron composite sequence is the oldest of the sequences, 
while the Buil Composite sequence is the youngest. The lithology in the different sequences are 
denoted by symbols (modified from Dreyer et al. (1999)). 
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sequences the base consists of coarser clastic deposits, which has been interpreted as 

reflecting tectonic uplift (Dreyer et al., 1999). The minor sequences are (according to Dreyer 

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

phases of thrust-related tilting and relative tectonic quiescence. 

 

The Comaron CS (Fig. 2.5) is the oldest of the composite sequences, and is described by 

Dreyer et al. (1999) as a shallow marine- to slope unit that prograded from ESE towards 

WNW. This sequence can be further subdivided into six minor sequences (Dreyer et al., 

1999). The growth of the Arcusa anticline is interpreted to have tilted the progradational 

deposits of the Comaron composite sequence, resulting in an oversteepening of the original 

depositional dip (Dreyer et al., 1999). 

 

A major basinward shift of facies can be observed at the transition between the Comaron and 

the Las Gorgas CS (Dreyer et al., 1999). The Las Gorgas CS is the part of the Sobrarbe 

deltaic complex that has been studied in this thesis. The base of the Las Gorgas CS is 

interpreted by Dreyer et al. (1999) to represent a subaerial unconformity, and the composite 

sequence can be further subdivided into at least eight minor sequences. The clinoforms in the 

Las Gorgas CS appear to show decreasing dip-angles upwards, suggested by Dreyer et al. 

(1999) as the result of basin shallowing. Wadsworth (1994) suggested that the steeper 

clinoform foresets in the Las Gorgas CS could be a result of a differential subsidence 

affecting the northern part of the basin.  

 

The Barranco el Solano CS overlies the Las Gorgas CS (Fig. 2.5), and the transition between 

these two sequences represents a time with uplift caused by thrusting (Dreyer et al., 1999). 

The stratigraphic boundary between these two sequences is therefore complex (Dreyer et al., 

1999). According to Dreyer et al. (1999) this transition can be characterized by both 

transgressive and regressive development in different parts of the Ainsa Basin. The Barranco 

el Solano CS is dominated by a retrogradational pattern, represented by an about 10 km 

landward shift of facies. Progradation started again during the upper part of the composite 

sequence. Nummulite-rich carbonate deposits in the Barranco el Solano CS is interpreted to 

represent periods with good living conditions for benthic fauna (Dreyer et al., 1999).  

 

Also the transition between the Barranco el Solano CS and the overlying Buil composite 

sequence (Fig. 2.5) is interpreted to be the result of a period with uplift, and the boundary 
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represents a major basinward shift of facies (Dreyer et al., 1999). This sequence is mostly 

dominated by continental (fluvial) deposition (Dreyer et al., 1999). 

 

Escanilla formation (fluvial): 

During the Upper Lutetian-Bartonian and Upper Priabonian (Upper Eocene) the deposition of 

the Escanilla Formation took place (Fig. 2.4) (Bentham et al., 1992). The Escanilla Formation 

is overlaying the Sobrarbe Formation, and is characterized by continental (alluvial) 

deposition (Bentham et al., 1993). In the central part of the Ainsa Basin the Escanilla 

Formation conformably overlies the Sobrarbe Formation, while towards the Mediano and 

Boltaña anticlines there is an unconformity between the Escanilla Formation and the deposits 

below (Dreyer et al., 1993). The Escanilla Formation can therefore be found lying directly 

above older (Lutetian) marine limestones towards the anticlines (Dreyer et al., 1993). 

 

The Escanilla Formation can be divided into the Mondot and the Olsón Member (Dreyer et 

al., 1993). The Olsón Member is fully fluvial, while the Mondot Member marks a transition 

from the underlying shallow-marine Sobrarbe Formation towards the overlying fully fluvial 

Olsón Member (Labourdette & Jones, 2007). In the center of the Ainsa Basin the Escanilla 

Formation is approximately 1000 meters at the most (Bentham et al., 1992; Labourdette & 

Jones, 2007), and thins towards the anticlines on each side (Bentham et al., 1992). 

 

The Collegats Formation (alluvial fan) 

The Olsón member of the Escanilla Formation is overlain by the Collegats Formation (Fig. 

2.4). The Collegats Formation was defined by Mey et al. (1968) as a conglomeratic 

succession, and the Escanilla and the Collegats Formations are separated by an unconformity 

(Atkinson, 1983 in Dreyer et al. (1993)). 

 

2.4  Paleogeography and climate 
The Ainsa Basin was in the Middle Eocene located at approximately 36°N (Smith et al., 

1994), which is 800 km further south than it is located today (Hall, 1997). On the background 

of his data, Hall (1997) estimated that the climate at these times would have been slightly 

warmer than at similar latitudes today, with daily temperatures of 31°C in the summer and 

21°C in the winter. Hall (1997) stated that during the deposition of the sediments in the Ainsa 

Basin, the seas were open to the Atlantic Ocean, and most of the basins were shallow, which 
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made them warm and nutrient rich with a normal salinity. All of these factors facilitated good 

carbonate factories, and the production of carbonates was only limited by the rate of clastic 

sediment input into the basins (Hall, 1997).  
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3 Chapter 3: Background theory 
 

3.1  Clinoforms and clinothems 
Sigmoidal, s-shaped, sedimentary bodies can be formed as a result of aggradational and 

progradational shelf margins, continental margins, deltas and shorelines, and can thus be 

recognized on multiple scales (O'Grady et al., 2000; Johannessen & Steel, 2005). A 

clinoform (Fig. 3.1) was first described by Rich (1951) as the sloping part of the sigmoidal 

surface that extends from wave base into deeper waters. This definition has later been 

modified, and today a clinoform is described as a basinward-fining and -dipping accretionary 

unit that builds out from shallower water into deeper water (Steel & Olsen, 2002; Patruno et 

al., 2015a). The rock body between two clinoforms is called a clinothem (Fig. 3.1)(Rich, 

1951). Clinoforms, and their corresponding clinothems, are formed by the deposition of 

sediment prisms building out into the basin, and as long as sediment is supplied the 

clinoforms and clinothems can keep prograding (Steel & Olsen, 2002). The term clinoform 

can be used to describe clinoform-shaped deposits on several scales, but is mostly used to 

describe the surface profile of either an accretionary shoreline or a shelf margin, and 

represents a timeline in the stratigraphy (Johannessen & Steel, 2005). Clinoform-shaped 

deposits are stacked on top of each other to make up stratigraphic sequences, and clinoforms 

can therefore be considered as the building blocks of stratigraphic sequences (Pirmez et al., 

1998; Steel & Olsen, 2002). The factors that control the shape of the clinoforms will be the 

same controls that affect the sequences that the clinoforms are a part of, namely sediment 

supply, type of sediment delivered to the basin, relative sea level changes and the 

depositional regime (Pirmez et al., 1998).  

 

 

 

 

 

 

 

Clinoforms can be formed on different scales, from shoreline deltas (tens of meters) to shelf-

edge deltas (hundreds of meters) (Steel & Olsen, 2002; Johannessen & Steel, 2005; Helland-

Hansen & Hampson, 2009). The larger-scale clinoforms have normally been deposited in 

Figure 3.1: An illustration of the difference between clinoforms and 
clinothems in a sediment prism. The clinoforms represent timelines in 
the stratigraphy, whereas the clinothems are the sediment bodies 
between two clinoforms (based on Myers and Milton (1996)). 
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deeper water and over a longer time than the smaller-scale clinoforms (Patruno et al., 2015a). 

The shelf-edge clinoforms develop as a result of a prograding shelf-edge, whereas the 

shoreline clinoforms are formed by the progradation of deltas and shorelines (Helland-

Hansen & Hampson, 2009). The development of the larger shelf-edge clinoforms is closely 

linked to the formation of the shoreline clinoforms, as the prograding shoreline clinoforms 

transport sediment out into the deeper part of the basin (Steel & Olsen, 2002; Johannessen & 

Steel, 2005). On a wide shelf it is mostly sediment from deltas and shorelines that is 

transported further out onto the shelf. If the shelf is narrow, several processes in addition to 

the deltas, such as currents driven by wind, tidal currents and wave currents can contribute to 

sediment being transported to the shelf (Drake et al., 1985; Snedden et al., 1988; Berné et al., 

1998; Steel & Olsen, 2002). Clinoforms are normally observed and studied on seismic data, 

but they can also be studied in outcrops (Steel & Olsen, 2002). 

 

3.2  Clinoform morphology 

 
A clinoform normally consists of a topset-, foreset- and bottomset segment (Fig. 3.2) 

(Helland-Hansen & Hampson, 2009). The topset segment of the clinoform is almost flat and 

represents the shallowest, most proximal part. The topset normally have a slope <0.3° 

basinward (Steel & Olsen, 2002; Anell & Midtkandal, 2015). The foreset is the steepest 

segment of the clinoform (Fig. 3.2), and the angle can vary greatly depending on several 

parameters (Patruno et al., 2015a), for shelf-edge clinoforms, however, around 3-6° is 

common (Johannessen & Steel, 2005; Anell & Midtkandal, 2015). The water depth of the 

Figure 3.2: A schematic figure displaying the different parts of a clinoform, in addition to typical 
angle values for the different segments. Two different scales of clinoforms, shoreline clinoforms and 
shelf-edge clinoforms are illustrated (modified from Helland-Hansen and Hampson (2009)). 
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basin will affect the length of the foreset segment (Johannessen & Steel, 2005). The most 

distal segment of the clinoform is called the bottomset (Fig. 3.2), and in this segment the 

angle of the slope is reduced and grades into the basin floor (Johannessen & Steel, 2005; 

Anell & Midtkandal, 2015).  

 
When studying the cross section of a clinoform (Fig. 3.2), two points of maximum curvature 

can be observed, and these are called rollover points. The upper rollover point is located 

landward of the inflection point (the point of maximum slope), and is called the topset-to-

foreset rollover, whereas the lower rollover point is located basinward of the inflection point 

and is referred to as the foreset-to-bottomset rollover point (Patruno et al., 2015a). The 

topset-to-foreset rollover point marks the shoreline- or shelf-edge break (Fig. 3.2) (Helland-

Hansen & Hampson, 2009). The location of the shoreline- and shelf edge break can be 

difficult to identify in outcrop, but can in some cases be identified for the shoreline deltas by 

the change in facies from coastal plain deposits of the topset to foreshore or shoreface 

deposits of the foreset (Helland-Hansen & Hampson, 2009). A clinoform trajectory (as will 

be described later) traces the successive position of these rollover points in a stratigraphic 

succession (Steel & Olsen, 2002). 

 

3.3  Delta-scale clinoforms 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: A subaerial- and subaqueous compound clinoform system. The subaerial 
clinoforms are composed of terrestrial to delta top deposits in the topset segment, while 
the foreset segment is composed of shoreface deposits. All of the segments of the 
subaqueous clinoforms are composed of sediment deposited in the offshore transition- to 
offshore environment (modified from Patruno et al. (2015a) based on Helland-Hansen and 
Hampson (2009)). 
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Delta-scale clinoforms (Fig. 3.3) can be either subaqueous or subaerial, and they can occur in 

isolation or be connected (Helland-Hansen & Hampson, 2009; Patruno et al., 2015a). In some 

settings, like high-energy delta settings, the shoreline can be laterally separated from the 

topset-foreset geometry of a subaqueous delta (Helland-Hansen & Hampson, 2009; Patruno 

et al., 2015a). If the shoreline clinoforms (subaerial deltas) are genetically linked to the 

subaerial clinoforms, it is called a compound clinoform system (Fig. 3.3) (Helland-Hansen & 

Hampson, 2009; Patruno et al., 2015a).  

 

The difference between subaerial and subaqueous clinoforms is the location of the topset-to-

foreset rollover. This rollover will for the subaerial clinoforms be located at the shoreline 

break, whereas it will be located at a greater depth on the shelf (up to 40-60 m) for the 

subaqueous clinoforms (Fig. 3.3) (Swenson et al., 2005; Helland-Hansen & Hampson, 2009; 

Patruno et al., 2015a). As a result, the topset of the subaerial clinoforms will be subaerial, the 

foreset composed of shoreface deposits and the bottomset will normally be composed of 

prodelta deposits (Fig. 3.3) (Swenson et al., 2005; Patruno et al., 2015a). These 

characteristics are clearly different from the subaqueous delta-scale clinoforms, where the 

topset-to-foreset rollover normally will be located below fair-weather wave base (Patruno et 

al., 2015a). The topset of the subaqueous clinoforms normally experiences sediment bypass, 

and the rollover between the topset and the foreset is not connected to the shoreline (Fig. 3.3) 

(Pirmez et al., 1998; Swenson et al., 2005; Patruno et al., 2015a). As both subaqueous delta-

scale clinoforms and shelf-edge clinoforms have the topset-foreset rollover point situated at a 

distance below the sea level, these two types of clinoforms can be difficult to distinguish 

conceptually. The biggest difference between the two is the size, which can be significantly 

larger for the shelf-edge clinoforms (Helland-Hansen & Hampson, 2009).  

 

The delta-scale clinoforms that are subaqueous can either be dominated by sand or mud. 

According to Patruno et al. (2015a), who looked at ancient and modern clinoforms of 

different sizes, the topset-to-foreset rollover of subaerial clinoforms is located at depths 

below 5 meters, whereas it is normally located at depths between 6-59 meters for muddy 

subaqueous deltas and 21-57 meters for sandy subaqueous deltas. The study also found that 

the height of the foreset of delta-scale clinoforms is normally less than 60 m, and that the 

total relief of delta-scale clinoforms normally not exceeds 100 m (Patruno et al., 2015a). The 

subaqueous deltas are more affected by sediment advection (which is driven by waves, tides 

and currents), whereas the subaerial deltas are more directly affected by the river. As a result, 
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the subaerial clinoforms will normally be located with an angle normal or radial to the 

shoreline (in the direction of the river input) whereas the subaerial clinoforms most often 

have a strike parallel to the coast (in the direction of alongshore advective currents) (Patruno 

et al., 2015a).  

 

The foreset angle of delta systems varies greatly. Depending on the composition (grain size) 

the foreset angle can vary from 0.02° in fine-grained (muddy) deltas to 32° in coarse-grained 

gravelly deltas (Orton & Reading, 1993; Howell et al., 2008; Helland-Hansen & Hampson, 

2009). According to Patruno et al. (2015a) the foreset inflection angle of sandy subaerial 

deltas is 0.1-2.7°. These clinoforms normally have steeper foresets than subaqueous and 

subaerial muddy deltas, which normally display foreset inflection angles of 0.03-1.5° 

(Patruno et al., 2015a). The delta-scale sand-prone subaqueous clinoforms can display foreset 

angles between 0.7° and 23°, which is higher than both the subaerial (sandy and muddy) and 

the muddy subaqueous clinoforms (Patruno et al., 2015a). Gilbert deltas can show 

significantly higher values, but as they rarely occur, and are considered to be a phenomenon 

related to high-latitudes, they were considered an exception to the average trend for subaerial 

deltas by Patruno et al. (2015a). The foreset inflection angle of shelf prisms is higher than for 

the deltas, between 0.9 and 9.8°, whereas the foreset inflection angle of continental 

clinoforms are the steepest and normally have foreset angles of 0.9° to 16.2° (Patruno et al., 

2015a). The larger clinoforms often show steeper foreset angles than the smaller ones, and 

according to Patruno et al. (2015a) this appears to be the case irrespective of the depositional 

environment.  

 

3.4  Clinoform geometries 
Development of different clinoform geometries will vary as a result of the physiography of 

the basin, the grain size of the sediment transported into the basin and the physical alterations 

on the sediments by the environment (Patruno et al., 2015a). The cross-sectional geometry of 

clinoforms have therefore been used by several authors (e.g. O'Grady et al. (2000), Adams 

and Schlager (2000) and Anell and Midtkandal (2015)) to look at the environmental 

conditions and basin morphology at the time of the deposition of the clinoforms. Sangree and 

Widmier (1978) defined two main types of clinoform geometries, oblique and sigmoidal, 

based on the energy conditions affecting the deposits. This study suggested that oblique 

clinoforms reflected a high-energy depositional environment and the sigmoidal clinoforms 
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were developed in environments with lower energy (Sangree & Widmier, 1978). Mitchum et 

al. (1977b) defined five types of clinoforms: sigmoid, oblique (both tangential and parallel) 

complex sigmoid-oblique, shingled and hummocky. This division was further modified by 

Quiquerez and Dromart (2006), who divided the clinoform geometries into three end 

members, namely the oblique clinoforms with a straight morphology and linear slopes, the 

exponential clinoforms with a concave morphology and the sigmoidal clinoforms with a 

characteristic s-shape (Fig 3.4). Sigmoidal clinoforms are thought to be formed when the 

accommodation increases and the depositional rate on the shelf is high, while the oblique 

clinoforms, on the other hand, normally develops when the accommodation is limited 

(Helland-Hansen & Hampson, 2009). The sediment will then be transported across the topset 

part of the clinoform, and deposited at the foreset- and bottomset segment (Helland-Hansen 

& Hampson, 2009). The last of the three main clinoform types is the exponential clinoform. 

The exponential clinoforms are thought to form as a result of the sediment transport 

decreasing exponentially from the topset towards the bottomset segment (Adams & Schlager, 

2000).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Adams and Schlager (2000) approached the clinoform subdivision mathematically, and found 

that planar clinoforms best could be described by a linear equation, the concave upward 

clinoforms by an exponential expression and the sigmoidal clinoforms by a Gaussian 

distribution formula. These main groups of clinoform geometries were further divided into 

more detailed classifications, based on the internal geometry of the corresponding clinothems 

by Anell and Midtkandal (2015). Anell and Midtkandal (2015) based their division of 

Figure 3.4: The exponential, oblique and sigmoidal clinoforms 
represent the three main types of clinoform geometries according 
to Quiquerez and Dromart (2006) (modified from Quiquerez and 
Dromart (2006)). 
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clinothems on the three types of slope curvature (linear, exponential and sigmoidal), but 

subdivided these clinothems further into nine different clinothem geometries: 1. Oblique 2. 

Tangential oblique chaotic 3. Tangential oblique 4. Sigmoidal symmetric 5. Sigmoid 

divergent 6. Sigmoidal chaotic 7. Asymmetric top-heavy 8. Asymmetrical bottom-heavy 9. 

Complex (Fig. 3.5). 

 
3.5  Controlling factors on the development of clinoform geometry 
3.5.1 Basinal processes (shear stress) and sedimentation rate 

Sediment transported from the river out into the basin to form subaqueous deltas will be 

affected by the high shear stress (caused by waves, tides and wind-driven currents) in the 

topset region of the subaqueous clinoforms, which will prevent deposition in the topset 

segment (Patruno et al., 2015a). As the distance to the shore increases, the shear stress 

decreases as a result of increased water depth (Pirmez et al., 1998). At the rollover point the 

shear stress is close to negligible, and the area just below the clinoform break will therefore 

be the area with the highest sedimentation rate (Adams & Schlager, 2000; Cattaneo et al., 

2004; Patruno et al., 2015a). This is the case for both delta-scale subaqueous clinoforms and 

shelf scale clinoforms (Patruno et al., 2015a). Because of the high depositional rate at the 

clinoform edge, there will not be much sediment left in the water as it moves further into the 

basin. As a result, the sedimentation rate will be low in the lower parts of the foreset and the 

bottomset part of the clinoforms (Patruno et al., 2015a). The clinoform break is not 

Figure 3.5: The nine different types of clinothems identified by Anell and Midtkandal (2015). This 
subdivision is based on the three types of slope curvatures (linear, exponential and Gaussian) 
(modified from Anell and Midtkandal (2015)). 
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necessarily located at the shoreline break, but can often be decoupled from the shoreline and 

the location will be a result of the distribution of the shear stress that affects the sediments 

(Pirmez et al., 1998). A shelf that experiences a high shear stress might therefore have a 

clinoform rollover that is not connected to the shoreline (Pirmez et al., 1998). 

 

3.5.2 Sediment composition  

The sedimentological composition of the deposits will affect the type of curvature that can be 

formed, as the type of sediment will affect the angle of repose (Adams & Schlager, 2000). 

Slopes dominated by mud have been observed to have lower slope angles than slopes 

dominated by sand, and normally display foreset angles less than 0.5° (Pirmez et al., 1998; 

Adams & Schlager, 2000). Higher grain sizes are normally related to clinoforms with a steep 

foreset, and the transition between the topset and the foreset (the rollover) can also be steeper 

in more coarse-grained clinoforms. This is the case as the sediment with larger grain size will 

settle faster than the finer sediments, which will result in a more focused deposition on the 

foreset (Pirmez et al., 1998).  

 

3.5.3 Basin physiography 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Results of the initial slope experiment done by Pirmez et al. (1998). A and B both 
show that with no initial slope of the basin floor, the slope angle of the clinoform does not 
change as the clinoform system progrades. The grain size (D) of the experiment in A is 
smaller than for the experience in B. The difference between A and B show that the grain size 
also affects the slope of the clinoform. C shows that with an initial basin slope the clinoform 
slope increases as the clinoform system progrades (modified from Pirmez et al. (1998)). 
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The initial shape of the basin that the clinoforms are building into will also affect their 

geometry. If the basin floor is initially flat, the equilibrium surface of the clinoform will be 

constant through time (Fig 3.6). However, if the basin floor is initially sloping, the clinoforms 

will become progressively steeper with time (Fig. 3.6) (Pirmez et al., 1998). The basin depth, 

which represents the space available for sediments to accumulate (accommodation), will also 

influence the height of the clinoforms in addition other factors such as the energy conditions 

in the water, the sediment flux and the amount of sediments available for transport into the 

basin (Pirmez et al., 1998). Clinoforms that are formed in deeper water can also show steeper 

slopes (Steckler et al., 1999).  

 

3.5.4 Sea level changes 

Pirmez et al. (1998) modeled how changes in sea level would affect the foreset angle of 

clinoforms (when assuming a steady state sediment input). They found that when the sea 

level increased, the accommodation space increased, which resulted in increased deposition 

in the topset segment of the clinoform. This led to aggradation and progradation. According 

to Pirmez et al. (1998) a sea level rise will lead to a narrower depositional profile, which 

again will result in that the sediments are focused on the foreset segment. With time, the 

foreset will therefore become steeper (Fig. 3.7)(Pirmez et al., 1998). On the other hand, when 

the sea level falls, sediment is transported across the topset and the sedimentation profile 

widens, which will result in a decreasing foreset slope with time (Fig. 3.7)(Pirmez et al., 

1998). The topset segment will, during a sea level fall, develop a basinward-dipping profile, 

while during a sea level rise the topset tend to be more or less horizontal (Pirmez et al., 

1998). 

 

Figure 3.7: A shows how the clinoforms are building out when the sea level increases, while B 
illustrates how the clinoforms develop during a sea level fall. The two models clearly shows that 
the foreset angle gets steeper during a sea level rise, and less steep during a sea level fall (modified 
from Pirmez et al. (1998)). 
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3.6  Uncertainties related to the development of different clinoform 

geometries  
In a study of the Ebro continental margin clinoforms, Kertznus and Kneller (2009), found 

that clinoforms with an exponential geometry could be interpreted as a result of erosion, and 

not deposition (which was suggested by Adams and Schlager (2000)). After studying 

continental margin clinoforms located at different continental margins around the world, 

Adams and Schlager (2000) suggested that the sigmoidal slope geometries could be a result 

of reworking of the exponential profile, while Kertznus and Kneller (2009) suggests that the 

sigmoidal clinoforms are formed where there is little modification of the deposits. Kertznus 

and Kneller (2009) imply that basinal processes such as tides and waves might control the 

shear stress and thus the development of different clinoform geometries, in addition to the 

initial slope of the basin, but conclude that these are hypotheses that need further research 

(Kertznus & Kneller, 2009). Quiquerez and Dromart (2006), who studied low-relief (5-100 

m) carbonate clinoforms, concluded that they could not be sure that the maximum slope angle 

of different clinoforms could be related to the type of geometry, which was suggested by 

Adams and Schlager (2000), except for the exponential clinoforms. These results suggest that 

there are many theories of how the different clinoform and clinothem geometries develop, but 

that further research has to be done to be able to find a positive correlation between the 

different parameters and geometries.  

 

3.7  Stacking patterns 
The shoreline, and the stacking of several clinothems can show a progradational, 

retrogradational or an aggradational pattern (Fig. 3.8). The progradational stacking pattern is 

formed when younger, more proximal, deposits overlie more distal units (Van Wagoner et al., 

1990). A relative sea level fall will lead to a forced regression, while a normal regression will 

be the result of a progradation driven by the supply of sediment (Fig. 3.8) (Catuneanu et al., 

2011). The retrogradational stacking pattern shows younger, more distal, deposits overlying 

older more proximal deposits (Fig. 3.8) (Van Wagoner et al., 1990). This type of stacking 

pattern is a result of a transgression, which takes place when there are not enough sediment 

supply to outpace the sea level rise (Van Wagoner et al., 1990; Catuneanu et al., 2011). The 

aggradational stacking pattern shows little or no lateral change, and the stacking will be 

mostly vertical (Fig. 3.8). This type of stacking pattern develops if the sediment supply and 

the rate of creation of accommodation space are in balance, and a stable shoreline may be 
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established. This will normally not happen as the processes controlling the sediment supply 

and the creation of accommodation will not be controlled by the same mechanisms (Van 

Wagoner et al., 1990; Catuneanu et al., 2011). The processes controlling the creation of 

accommodation, sediment supply and the creation of stratigraphic sequences are of both 

allogenic and autogenic character. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.8  Short introduction to sequence stratigraphic principles 
Van Wagoner et al. (1988) defined sequence stratigraphy as “the study of rock relationships 

within a chronostratigraphic framework of repetitive, genetically related strata bounded by 

surfaces of erosion or non-deposition, or their correlative conformities”. The most important 

unit in sequence stratigraphy is the sequence (Van Wagoner et al., 1988), but this unit can 

again be divided into several smaller units. A sequence was defined by Mitchum et al. 

(1977a) as “a conformable succession of genetically related strata bounded by 

unconformities and their correlative conformities”. A parasequence is the smallest unit of the 

Figure 3.8: The different stacking patterns (retrogradational, aggradational and 
progradational) are illustrated together with the controls (sediment supply vs. 
accommodation) that decide which pattern that is formed. The shoreline trajectories (red 
arrows) that corresponds to the different stratal stacking patterns are also illustrated  
(modified from Martins-Neto and Catuneanu (2009) based on Emery and Myers (1996), 
Helland-Hansen and Hampson (2009) and Catuneanu et al (2009)). 
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sequence stratigraphic hierarchy and was defined as “a genetically related succession of beds 

or bedsets bounded by marine-flooding surfaces and their correlative surfaces” by Van 

Wagoner et al. (1988). A siliciclastic parasequence is shoaling upward and bounded by a 

flooding surface that marks the transition to suddenly deeper waters (Van Wagoner et al., 

1988). 

 

When several genetically related parasequences are stacked on top of each other, they form a 

parasequence set (Van Wagoner et al., 1988). The parasequence sets are separated by major 

marine flooding surfaces and can be progradational, aggradational or retrogradational. In a 

progradational parasequence set each parasequence gets progressively coarser (more 

shallow), which indicates that the shoreline has been moving basinward (regression)(Van 

Wagoner et al., 1988). A progradational parasequence set will develop when the supply of 

sediment is higher than the creation of accommodation (Van Wagoner et al., 1990). A 

retrogradational parasequence set consists of a stacked sequence of parasequences that get 

progressively finer (deeper). This pattern forms when the creation of accommodation is 

higher than the sediment supply and the shoreline moves landward (transgression) (Van 

Wagoner et al., 1988; Van Wagoner et al., 1990). If the parasequence set is aggrading, the 

sediment supply and the creation of accommodation is more or less the same, and the 

shoreline shows no net movement (Van Wagoner et al., 1988; Van Wagoner et al., 1990). 

 

3.8.1 Systems tracts 

The different parasequence sets can be stacked into units called systems tracts (Van Wagoner 

et al., 1990). How the parasequences are stacked reflects the interaction between sediment 

supply, energy conditions in the basin and changes in accommodation (Catuneanu, 2006). 

The highstand systems tract (HST) is deposited when the sea level rises slowly, after a rapid 

rise, and is bounded at the base by a maximum marine flooding surface and on the top by a 

composite surface (Fig. 3.9) (Catuneanu, 2006). The highstand systems tract often shows an 

aggradational to progradational stacking pattern (Van Wagoner et al., 1988; Catuneanu, 

2006). The falling stage systems tract (FSST), which also has been called lowstand fan, is 

deposited during a forced regression (Fig. 3.9) (Catuneanu, 2006). The base of the FSST is 

defined by the lower regressive surface, where as the top surface is a composite surface (Fig. 

3.9). This systems tract is often characterized by fluvial incision and fluvial bypass in the 

non-marine part of the depositional system, creating subaerial unconformities (Catuneanu, 

2006). The lowstand systems tract (LST) is deposited when the sea level, after the preceding 
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sea level fall, starts to rise but the rate of sea level rise is outpaced by the sediment supply 

(normal regression) (Fig. 3.9). The base of the LST is defined by the subaerial unconformity 

(and the marine counterparts), and at the top by the maximum regressive surface (Fig. 3.9) 

(Catuneanu, 2006). Like the HST, the LST also show an aggradational to progradational 

stacking pattern. When the sea level starts to rise with a higher pace, the transgressive 

systems tract (TST) is deposited. Unlike during the LST, where the sediment supply outpaces 

the sea level rise, the sea level rise will outpace the sediment supply during the TST (Van 

Wagoner et al., 1988). This sea level rise will result in a seaward movement of the shoreline, 

and a regressive stacking pattern that can show upward-fining (Catuneanu, 2006). The base 

of the TST is the maximum regressive surface, whereas the top boundary is the maximum 

flooding surface (Fig. 3.9) (Van Wagoner et al., 1988; Catuneanu, 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.9: The four different systems tracts are illustrated, with the corresponding 
position at the sea level curve (to the right). The falling-stage systems tract is illustrated 
on the top of the figure, followed by the lowstand-, transgressive- and the highstand 
systems tract on the bottom. The different surfaces related to each of the systems tracts 
are also illustrated (modified from Catuneanu (2006)). 
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3.9  Trajectory analysis 
“Trajectory analysis is the study of the lateral and vertical migration of geomorphological 

features and associated sedimentary environments, with emphasis on the paths and directions 

of migration” (Helland-Hansen & Hampson, 2009). Trajectory analysis is an alternative 

analytical and interpretative tool to conventional sequence stratigraphy. This type of analysis 

can be used to look at the migration pattern at both a shelf- and shoreline scale (Helland-

Hansen & Hampson, 2009). A clinoform trajectory traces the successive position of the 

topset-to-foreset rollover points in a stratigraphic succession (Steel & Olsen, 2002). Changes 

in relative sea level will form progradational-, aggradational- and retrogradational patterns 

that can be followed as trajectories, and can give information about how the shoreline or shelf 

has developed (Steel & Olsen, 2002). A trajectory can be divided into a horizontal and a 

vertical component, where the vertical component reflects the changes in accommodation 

(relative sea level) while the horizontal component reflect the changes in sediment supply. A 

trajectory analysis will therefore be useful to interpret the changes in accommodation and 

sediment supply (Vis et al., 2015). 

 

3.9.1 Shoreline trajectories 

Whether the shoreline moves landward or seaward will be a function of relative sea-level 

change (accommodation) and sediment supply, in addition to the basin physiography 

(Helland-Hansen & Martinsen, 1996). There are four trajectory classes: descending 

regressive (forced regression), ascending regressive (normal regression), transgressive and 

stationary (Fig. 3.10). Both the descending regressive and the transgressive trajectory can be 

further subdivided into an accretionary and non-accretionary class (Helland-Hansen & 

Martinsen, 1996) (Fig. 3.10). 

 

The shoreline trajectories describe the relationship between sediment supply and relative sea-

level changes. A non-accretionary descending regressive trajectory (Fig. 3.10 A1) will form 

when the relative sea level falls, and not enough sediment is supplied. It can also be created if 

there is no accommodation to fill (Fig. 3.10 A2) (Helland-Hansen & Martinsen, 1996). An 

accretionary descending regressive trajectory (Fig. 3.10 A3) will be created when sediments 

are deposited at the same time as the relative sea level is falling. An ascending regressive 

trajectory will develop when the relative sea level rises and the sediment supply is higher 

than the rate of creation of accommodation (Fig. 3.10 B) (Helland-Hansen & Martinsen, 
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1996). A non-accretionary transgressive trajectory (Fig. 3.10 C1) can develop if the relative 

sea-level rise is rapid so that the trajectory and the already existing alluvial surface merges. If 

the trajectory and alluvial surface don’t merge, the trajectory is accretionary transgressive 

(Fig. 3.10 C2) (Helland-Hansen & Martinsen, 1996). The stationary trajectory (Fig. 3.10 D) 

represents no migration of the shoreline, and is associated with bypass of sediment (Helland-

Hansen & Hampson, 2009). 

 

Figure 3.10: The four classes of trajectories. The descending regressive and the transgressive 
trajectories (A and C) are subdivided into accretionary (A.3 and C.2) and non-accretionary (A.1, 
A.2 and C.1) (modified from Helland-Hansen and Hampson (2009)). 
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4 Chapter 4: Methods 
 
4.1  Sedimentological fieldwork 
The sedimentological data in this thesis was collected during three weeks of fieldwork in July 

to August 2016 together with Maria Haugen, a fellow master student. Additional data was 

also collected one day during a field course in October 2016. The data that was collected 

during the fieldwork period includes four sedimentary logs (Appendix V-VIII) drawn on 

paper at 1:50 scale. The four logs are between 68 to 127 m long. The position of the different 

log locations is illustrated in Figure 1.1. In addition to the four sedimentary logs, strike and 

dip was measured in field. Originally, the plan was to measure strike and dip in the field, and 

use these measurements to get more detailed information of the clinoform geometry. These 

measurements, however, showed higher dip values than the ones that were calculated from 

the data acquired from panorama pictures of the outcrop, and could therefore not be used in 

the clinoform analyses. The reason for this discrepancy is that the lack of good bedding 

surfaces in the field made if difficult to measure the strike/dip correctly. The strike- and dip-

measurements obtained in field are therefore not used any further to look at the dip of the 

clinoforms. Photos were taken on the log sites, and some panorama pictures of the delta were 

also acquired to get additional information of the outcrop locality. As the field location is 

very remote and difficult to access, the log sites were chosen on the basis of accessibility. 

Steep sides and dense vegetation made it difficult to move around in the field area, and the 

log sites were the only possible places to access. In addition to the four sedimentary logs, two 

clinothems were followed laterally in field. The data has not been corrected for compaction. 

 

4.2  Clinoform and clinothem analysis and characterization: 
To be able to identify the different clinoforms in the studied part of the Sobrarbe Formation, 

field observations, in addition to photos (panorama pictures and pictures from different parts 

of the delta) were used. From this data, several lines representing clinoforms could be 

identified on the panorama picture of the delta. The clinoforms that could be followed for the 

longest distance were chosen for further analysis, and the clinoforms on the panorama picture 

were converted into data points by the use of GetData Graph Digitizer (GetData, 2017) and 

plotted in MATLAB (MATLAB, 2017) (Fig. 4.1). The geometry of the slopes of these curves 

was then found by curve fitting. To find the best-fit curves, three mathematical expressions 
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and nonlinear least-squares regression was used (after the methods by Adams and Schlager 

(2000)).  

 

4.2.1 Curve fitting process: 

The data points acquired by the use of GetData (GetData, 2017) for each of the clinoforms 

were plotted against three different equations, a linear, an exponential and a sigmoidal curve, 

to determine which of the three equations that represented the best fit for each clinoform. The 

equation for a linear slope is 

 
                                            𝑦 = 𝑎𝑥 + 𝑏       (1) 
 
where y is the depth, x the horizontal distance and a is the tangent of the slope (Fig. 4.2). b is 

the point where the slope intersects the y-axis (Fig. 4.2) (Adams & Schlager, 2000). The 

equation for an exponential slope is 

 
     𝑦 = 𝑎𝑒!!" + 𝑐     (2) 
 
where y is the depth, x the horizontal distance, a the position of the coordinate system with 

respect to the curvature, b the measure of the curvature and c the horizontal asymptotic value 

Figure 4.1: Illustration of how the four studied clinoforms (and their associated clinothems) were 
converted from the outcrop picture to data points. The four clinoforms (CF) have different colours 
where CF1=blue, CF2=yellow, CF4=red and CF5= green. 
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of y (Fig. 4.2) (Adams & Schlager, 2000). The third equation, which represents a Gaussian 

distribution, can best delineate the sigmoidal geometries, and Adams and Schlager (2000) 

found that the right half of this curve could be used to explain this type of geometry the best. 

The equation used in the study by Adams and Schlager (2000) was 

 
     𝑦 = 𝑎 + 𝑏 exp (!(!!!)

!

!!!
)    (3) 

 
where y is the depth, x the horizontal distance, a the horizontal asymptotic value of y, b the 

height of the slope, c the point at the x-axis where the top of the distribution is horizontal and 

d the width from the center to the inflection point of the distribution (Fig. 4.2) (Adams & 

Schlager, 2000). 

 

To be able to determine which of the three equations that best delineate the four different 

clinothems, non-linear least squares regression was performed by the use of the statistical 

software R (RCoreTeam, 2017). When least squares regression had been carried out for each 

of the equations on each curve, Akaikes information criteria (AIC) was used to decide which 

of the equations that was the best fit for each curve. Akaikes information criteria decides 

which equation, through the nonlinear least square regression, that shows the smallest 

deviation from the real dataset, irrespective of the number of parameters in the equations 

(Akaike, 1987). The equation (curve) that described each of the four clinoforms the best, with 

the least deviation from the real data, was then chosen as the best-fit curve.  

 

 

 

 

 

Figure 4.2: The different types of curvatures with the corresponding equations. The parameters in 
each of the equations are illustrated. 1. shows a planar morphology, which is best described by a 
linear equation, 2. shows a curvature that is best explained by an exponential equation and 3. 
shows a sigmoidal curvature, which is best described by a Gaussian distribution (modified from 
Adams and Schlager (2000)). 
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4.2.2 Clinoform/Clinothem parameters: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When looking at the cross-sectional profile of a clinoform, several points of interest can be 

observed (Fig. 4.3). The profile in Figure 4.3 shows two points of maximum curvature (blue 

points), where the upper point is located between the topset segment and the inflection point 

(red point in Figure 4.3) and the lower point is located between the inflection point and the 

bottomset segment. The foreset segment of the clinoform is located between the two points of 

maximum curvature (Fig. 3). The inflection point is defined as the point on the foreset 

segment of the clinoform where the slope angle shows the highest value (Patruno et al., 

2015a). The two points of maximum curvature and the inflection points were calculated by 

the use of MATLAB (MATLAB, 2017). The inflection point (IFa) is located at the point 

where the curve changes concavity, and it can be found for all of the sigmoidal curves by 

calculating when the second derivative of the best-fit curves (y(x)) for each of the clinoforms 

is zero:  

 
      𝑦′′(𝑥) = 0     (4) 
 
The points of maximum curvature were found by calculating the value of x when the first 

derivative of the curvature formula (a formula used to calculate curvature, 𝜅(𝑥)) is zero: 

 
                𝜅 𝑥 = !!!

!! !! !)
!
!
    (5)  

Figure 4.3: A schematic figure of the cross-sectional profile of a clinoform/clinothem. 
The three different parts of the clinoform, the topset foreset and bottomset segment 
are illustrated. The different parameters that have been measured and calculated are 
illustrated. Ta is the topset angle, Fd the forest down-dip extent, FoA1 and FoA2 the 
foreset angle between the inflection point and the upper and lower rollover point 
respectively, IFa the angle at the inflection point, Fh the foreset height and TA the 
trajectory angle (modified from Patruno et al. (2015a)). 
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     𝜅! 𝑥 = 0     (6)  
 
In some cases the points that were calculated in MATLAB did not fit well with the estimated 

curves. The rollover points were then identified by finding the point on the curve which is 

perpendicular to the intersection between the tangent of the topset segment and the tangent of 

the inflection point (Anell & Midtkandal, 2015).  

 

The topset segment of a clinoform is located on the landward side of the upper maximum 

point of curvature (Fig. 4.3). The angle of this segment is normally low (<0.3°)(Steel & 

Olsen, 2002; Anell & Midtkandal, 2015), and it was measured for all of the four clinoforms. 

As this segment is known to be nearly flat, the angle of the topset can be used to correct the 

other measurements for tectonic tilt. This was done for the lowermost clinoforms (CF1 and 

CF2), which are thought to have been affected by tectonic tilting.  

 

In addition to calculating the foreset and topset angles of the clinoforms, other parameters 

were also calculated. The foreset height and down-dip extent of each of the clinoforms (Fh, 

Fd in Figure 4.3) were determined by calculating the distance (vertical and horizontal) 

between the upper and lower rollover points (Fig. 4.3). From these two values, the foreset 

height/foreset down-dip extent ratio was calculated. In addition to determining the foreset 

angle at the inflection point, the foreset angle was measured on the topmost (FoA1) and 

lowermost (FoA2) segment of the foreset (Fig. 4.3). The average foreset angle was calculated 

from these three foreset angle measurements. As the measurements are not corrected for 

compaction, the measured angles will represent the minimum angle-values. 

 

For each clinothem the topset thickness and the foreset thickness was calculated (Fig. 4.3). 

For the foreset segment, both the maximum and the average thickness were measured. From 

these values the topset/foreset-ratio could be calculated. The topset/foreset-ratio was 

calculated by dividing the topset thickness on the average foreset thickness. The trajectory 

angle (TA in Figure 4.3) for each of the clinothems was also measured, in addition to the 

rollover advance. 

  

4.3  Pitfalls in the data acquisition 
A possible pitfall in the data-acquisition process is the fact that the panorama pictures that 

have been used to collect the information about the different clinothems and clinoforms are 
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not oriented perpendicular to the delta dip. These pictures are oriented with a small angle 

towards the delta dip, and the dip angles measured from the dataset collected from the 

pictures might therefore not be exactly as they are in reality. However, the trend of the 

clinothems (their shape and geometry) is assumed to be the same in reality and on the 

pictures, despite the angle differences that occur.  

 

When identifying the different clinoforms on the panorama picture of the outcrop, the lateral 

extension of the curves might not always be exactly as they are in the outcrop. Pictures taken 

during the fieldwork cover most of the studied part of the delta, but some areas were 

completely covered with vegetation, which made the correlation of the clinoforms and 

clinothems more challenging. However, the four studied clinoforms (and associated 

clinothems) were chosen on the basis that they could be followed laterally with the highest 

degree of certainty. Some of these curves were nevertheless extended further landward and 

seaward than the areas covered by logs, and these parts of the clinoforms might therefore 

show some uncertainties compared to the main area covered by the four logs. 
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5 Chapter 5: Results – Sedimentology and depositional 
environments 
 

5.1  Facies descriptions 
Most of the sandy facies in the studied part of the Sobrarbe Formation are highly affected by 

bioturbation. The degree of bioturbation is therefore used as an aid to divide the sandstone 

beds into facies, and to interpret the depositional environment of the different facies. To be 

able to determine the degree of bioturbation, the bioturbation index (BI) of Droser and Bottjer 

(1986) has been used as a guide. If the beds are free of bioturbation, the bioturbation index of 

Droser and Bottjer (1986) would classify the beds with a bioturbation-index of 1. If the beds 

are completely reworked and homogenized by organisms, the bioturbation index is 6 (Droser 

& Bottjer, 1986). To simplify this division, no bioturbation will throughout this thesis be 

noted by a bioturbation index of 0, while a rock that is completely homogenized by biogenic 

reworking will be given a bioturbation index of 5. A bioturbation degree of 0 will thus be the 

same as a bioturbation degree of 1 of Droser and Bottjer (1986), while the highest possible 

degree of bioturbation (6 of Droser and Bottjer (1986)) will be 5. 

 

 

Facies A- Blue-grey silty mudstone 

Description 

This facies is the most abundant facies in the logged successions of the Sobrarbe Formation. 

It consists of blue-grey silt in thick uniform packages that can be from one meter to tens of 

meters thick (Fig. 5.1). At some localities Facies A is interrupted by sandstone units of Facies 

B. Facies A is mostly structureless and can be followed laterally for long distances. The 

bioturbation degree is difficult to determine because of the bad outcrop quality associated 

with Facies A, but some bioturbation in the form of horizontal trace fossils can be observed. 

This bioturbation if often found towards the top of the facies, below sharp-based sandstones 

of Facies B. At some locations the facies is better consolidated, which can be observed as 10 

cm to 1 m thick beds that are slightly siltier than the rest of the unit (Fig. 5.1). These beds are 

normally 25 cm thick, and occur frequently especially in the lower part of Log 4. The better-

consolidated layers are structureless and have a low bioturbation index (0-1), and Planolites 

can be observed. Facies A tends to weather easily, which affects the outcrop quality and 
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create slopes that are often covered by vegetation. Facies A can be found in all of the logs 

(Log 1-4) in the studied part of the Sobrarbe Formation.  

 

 

Interpretation 

The lack of structures indicating reworking by waves, in addition to the fine grain size (silt), 

suggests deposition in a low energy environment. These observations, together with the 

lateral extent of the beds and the fine grain size, can indicate deposition from suspension 

settling, probably below storm wave base in an offshore environment (Hjulström, 1939). This 

facies is similar to Lithofacies 1 by Hall (1997), who through microscopy analyses revealed a 

high amount of carbonate, and classified the facies as calcareous mudstone. The facies also 

show similarities to Facies 1 of Wadsworth (1994), who interpreted the facies to be marl. 

Both Wadsworth (1994) and Hall (1997) found background bioturbation (Thalassinoides, 

Planolites and Teichnichnus) indicating a marine environment. 

 

Facies B – Thin-bedded sandstones 
Description 

This facies consists of very fine to upper fine sandstone beds with a thickness of 1-30 cm. 

The beds are clearly defined and usually stacked in packages, which can be up to 60 cm 

Figure 5.1: The blue-grey siltstone characteristic of Facies A. One of the more 
consolidated sections can also be observed in this picture. The picture illustrates the 
poor outcrop quality characteristic of this facies.   
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thick, but can also occur as one single bed. The sandstones normally have a sharp base 

against the underlying facies, which in most cases is Facies A. The sand beds are clearly 

separated, and generally have wavy boundaries on the bottom, the top, or both. The thickest 

succession, 1 m thick, of this facies can be found in Log 4.  

 

Normally this facies occur as two to four beds stacked on top of each other, separated by a 

few millimeter thick layer of Facies A. These successions can have a thickness of up to 25 

cm. In some of the beds internal cross bedding and directional ripples can be observed, but 

grading is otherwise poorly developed or absent which makes most of the beds appear 

structureless. This facies can be subdivided into two subfacies, B.1 (Fig. 5.2 A and B) and 

B.2 (Fig. 5.2 C), based on the general appearance. 

 
B.1 Thin-bedded sandstone 

These sandstone beds have a clear, often straight, lower boundary, and only rarely show 

internal structures. The beds are normally structureless, well sorted and show no grading. If 

internal structures are present, these include small-scale ripple cross-lamination (Fig. 5.2 A 

and B) and occasionally parallel lamination. The bioturbation index varies between 0 and 1, 

and bioturbation is only present in the form of Planolites on the bed surfaces (Fig. 5.2 D). 

Some nummulites can also be observed spread in one of the top sand beds in one succession. 

In one bed in Log 4, a transition from parallel lamination at the bottom to structureless 

sandstone on the top could be observed. Some beds also show signs of erosion at the bottom 

and have asymmetrical ripples on the top. Phosphorites can be found in one bed, but is not a 

characteristic feature of this facies. Facies B.1 (Fig. 5.2 A and 5.2 B) is the most abundant of 

the two B-subfacies, and can be found in Log 1, 2, 3 and 4.  

 

B.2 Thin-bedded Bioturbated Sandstone 

The sandstone beds of this subfacies have a bioturbation index of 4-5, in addition to more 

wavy, less defined bed boundaries (Fig. 5.2 C). Horizontal, inclined and vertical trace fossils 

can be found in these beds, and traces of Planolites can be observed. The boundaries at the 

top and the bottom of these beds are normally wavy, and no internal structures can be 

observed. This subfacies can be found in Log 1 and 3.  
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Interpretation 

B.1 

The nummulites that can be found on some of the beds indicate a marine environment 

(Lalueza, 2009). The fact that the sandstone beds can be observed as thin beds with sharp 

based boundaries in-between Facies A indicates that Facies B might have been deposited in 

the same depositional environment as Facies A, but as episodic events. No signs of wave 

reworking of the beds after deposition, together with the close relationship with Facies A, 

suggest deposition below storm wave base. The beds that show internal laminations are 

thought to have been deposited by traction currents (Shanmugam et al., 1993), which 

eventually lost their competence and resulted in the vertical reduction of energy that can be 

observed in some these beds. The poorly developed or absent grading, together with the fact 

that the sandstones are well sorted, suggest deposition by turbidite currents that carried the 

very fine and fine sand in suspension (Mutti, 1977). The thin fine grained sand sheets 

suggests deposition on an outer-fan depositional environment (Nichols, 2009). These beds 

show similarities to similar beds deposited in the San Vicente Formation (Hecho Group) 

described by Mutti (1977). Despite the lack of similarities with previously described 

turbidites, Mutti (1977) interpreted these sandstone beds as turbidites deposited in an outer 

fan system. Hall (1997) suggested that the thin-bedded sandstones could represent overbank 

deposits from turbidite channels.  

Figure 5.2: A and B are pictures of subfacies B.1. This subfacies is characterized by thin clearly 
defined beds, and can sometimes show inner lamination. C shows subfacies B.2, which is the 
subfacies that is affected the most by bioturbation (BI: 4-5). These sand beds often have wavy bed 
boundaries. D shows Planolites (P), which can be found on top of the beds of subfacies B.1. 
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B.2 

The beds of subfacies B.2 might have been deposited by another mechanism than the clearly 

layered sandstone sheets of subfacies B.1. These beds are also interpreted to have been 

deposited in the same type of environment as B.1, closely related to Facies A. The fact that 

the beds are not as clearly defined and lack internal structures opens for a wider interpretation 

of the depositional mechanism. The beds appear to have been thoroughly bioturbated, but 

whirling of the sediments during or directly after deposition is also a possibility. It is difficult 

to find a specific depositional mechanism for these deposits due to the lack of internal 

structures, but mechanisms able to transport coarser sediments out to the deeper parts of the 

basins, such as hyperpycnal flows (Elliot, 1986), turbidites or storms, that later have been 

reworked by bioturbation are possible explanations. From the poor exposures it is not 

possible to say which of these mechanisms that is the most likely.  

 

Facies C – Structureless very fine sandstone 

Description 

Beds of very fine sand, a sharp base and a thickness of 0.1-1 m characterizes Facies C. The 

beds can either occur as one single bed, or as two stacked beds (Fig. 5.3 A). No internal 

structures can be observed in the beds of Facies C in any of the locations, and there are few 

or no signs of bioturbation. The bioturbation index is therefore interpreted to be 0-1. The 

trace fossils that can be found are small (2-3 mm in diameter), and a few inclined trace fossils 

can also be observed. The beds tend to weather as a homogenous package in outcrop. Traces 

of a marine fauna can be observed in the form of shell fragments and the mollusc Chámidae 

Chama (Fig. 5.3 B). This facies is found associated with Facies A, and can be found in the 

lowermost parts of Log 1, 2 and 4.  

 

 
Figure 5.3: A shows two beds of Facies C stacked on top of each other. These beds can, be 
followed for long distances laterally. B is a picture of the mollusc Chámidae Chama, which was 
found in the topmost layer, as illustrated in the log. 
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Interpretation 

Facies C is always found together with Facies A, which suggests that Facies C is deposited in 

the same environment as Facies A. The increase in grain size, compared to Facies A, might 

indicate that the process that deposited Facies C was controlled by higher energy than the 

process that resulted in the deposition of Facies A. This can be supported by presence of the 

mollusc Chámidae Chama, in addition to shell fragments. Chámidae Chama is benthic and 

adapted to warm coastal areas (Lalueza, 2009), and is therefore interpreted to have been 

transported together with the sediments and deposited in the offshore environment. These 

observations, in addition to the structureless nature of Facies C, suggests deposition from a 

debris flow, which “froze” the sediments when the flow lost its competence (Collinson et al., 

2006). A debris flow that consist of a uniform distribution of grain sizes, will according to 

Collinson et al. (2006) often show no sedimentary structures when it “freezes”.  

 

Facies D – Thoroughly bioturbated sandstone 
Description 

This facies is the second most abundant facies in the studied part of the Sobrarbe Formation,  

and it consists of beds composed of very fine to lower fine sand. The thickness of the 

successions ranges from 1 to 25 m. The thickness of each succession is normally between 5 

and 10 meters. As a result of the high degree of bioturbation (BI: 4-5), it is difficult to 

distinguish separate beds in the successions as the boundaries, or possible boundaries, are 

absent. The beds have a characteristic homogenous weathering (Fig. 5.4). Some shell 

fragments can be found in all parts of the successions at all the localities where this facies is 

observed. Velates gastropods (Fig. 5.5 A) are a characteristic feature of this facies, and they 

normally have a diameter that ranges from 8 to 10 cm. The number of gastropods is often 

observed to increase towards the top of the successions, but at some localities gastropods can 

also be found in the lower part of the succession. The orientation of the Velates gastropod is 

with the base down, which is the living position of gastropods. Whole echinoids (Fig. 5.5 B) 

and echinoid fragments, including their spine (Fig. 5.5 C), are not uncommon, and can be 

found in Log 3 and 4. The echinoids are interpreted to be of two types: fragments of Erizos 

regulares and whole specimens of Erizos irregulares (Fig. 5.5 B). These are represented by 

Cidaridae cf. Prionocidaris and Maretiidae Eupatagus respectively. Nummulites from 1 mm 

to 2 cm are also a characteristic feature of this facies, but the nummulites show no noticeable 

orientation. Both the size and number of nummulites tend to increase towards the top of the 

successions, but at some locations the amount of nummulites is the same throughout the 



SEDIMENTOLOGY AND DEPOSITIONAL ENVIRONMENTS  
	

	40 

whole succession. The beds can normally be followed laterally, often over long distances 

(across large parts of the delta) and can be found in Log 1, 2, 3 and 4.  

 

 

 

Interpretation 

The lack of sedimentary structures and the characteristic high degree of bioturbation makes 

the interpretation of the depositional environment of Facies D challenging. Nevertheless, the 

fauna found in this facies indicates a marine environment (Lalueza, 2009). The structureless 

nature of this facies might be a result of intense bioturbation (Droser & Bottjer, 1986), which 

Figure 5.4: The beds of Facies D show a characteristic weathering in outcrop. This weathering 
pattern is interpreted to be a result of the high degree of bioturbation.  

Figure 5.5: Pictures of some of the marine organisms that can be observed in Facies D. A shows the 
Velates gastropod, which is a common feature of Facies D. B is a picture of the echinoid Maretiidae 
Eupatagus, which can be found in several of the beds of Facies D. C is a picture of an echinoid 
spine.  
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removed all sedimentary structures. It is difficult to say if the facies was originally 

structureless, or if the outcrops appear structureless because of the high degree of 

bioturbation. The fact that all the Velates gastropods are found in their life position indicates 

that these deposits are autochthonous. Shell fragments and the lack of orientation of the 

nummulites might indicate that some reworking affected the deposits, but no sedimentary 

structures indicating high energy could be observed. The very fine to fine sand represents a 

depositional environment affected by higher energy than Facies A. The grain size together 

with the high degree of bioturbation suggests a more shallow-marine depositional 

environment than the previously described facies. This interpretation is further strengthened 

by the presence of the echinoid Maretiidae Eupatagus, which is benthic and adapted to 

conditions near the shore (Lalueza, 2009). This facies can be compared with Lithofacies 5a 

and 5b of (Hall, 1997), who interpreted the facies to have been deposited between storm 

weather wave base and fair-weather wave base by settling from storm currents (Hall, 1997). 

Hall (1997) observed that the Velates gastropods often could be found in scours, which he 

interpreted to be evidence of storm currents. 

 

Facies E – Cross-stratified sandstone 

Description 

The grain size of Facies E is from fine to upper fine sand, and it the beds are moderately 

sorted. The bioturbation index is low, normally 0-2. Facies E consists of beds that show low 

angle tangential cross stratification or trough cross-stratification. The sandstone successions 

are between 50 cm to 2 m thick, and the lamination thickness is from 4 mm to 1 cm. In one 

location (Log 3) the lamination shows a tangential geometry, where the dip of the lamination 

varies through the succession (Fig. 5.6). Truncations can be observed in this succession, 

which marks changes in the angle of the cross stratification (Fig. 5.6). At another location in 

Log 3, a succession showing through cross stratification can be observed. At this location the 

stacked beds are pinching out in different directions, and the thickness of the whole 

succession is 2 m. Each of the beds in the succession is 10-15 cm thick. The different beds 

are truncated by the overlying bed, and some bioturbation makes it challenging to see if the 

beds originally were through cross laminated or trough cross-bedded. This facies can be 

found in Log 3. 
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Interpretation 

Low-angle cross stratification is formed in the higher part of the lower flow-regime, by 

traction currents (Simons et al., 1961; Shanmugam et al., 1993). The low degree of 

bioturbation supports the interpretation of this facies being deposited in a high-energy 

environment, as the bioturbation degree is normally low when the energy is high (Gringras et 

al., 2007). Low angle cross-stratification can be found in a foreshore- and shoreface setting. 

The moderate sorting, tangential geometries and high angles suggest that the cross 

stratification is not a result of the swash and backswash in the foreshore, but a result of 

deposition in the shoreface environment (Dumas & Arnott, 2006). Facies F is therefore 

interpreted to represent downstream migration of large-scale 3D-dunes in a shoreface 

environment, as large trough cross-stratified units formed by migrating dunes are not 

uncommon in an upper shoreface setting (McCubbin, 1982). The pinching out of the beds in 

the cross-bedded succession is interpreted to have been caused by the migration of large 

dunes in an apparent NW-SE-direction.  

 

 

Figure 5.6: This picture shows the low-angle cross-lamination of Facies E. The red lines 
mark the interpreted truncation surfaces. Note that the angles of the cross-lamination are 
different on each side of the truncation surfaces. Towards the top of the succession the beds 
show a tangential geometry. 
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Facies F – Planar parallel laminated sandstone 

Description 

The sandstone beds of Facies F all show continuous planar parallel lamination, and have a 

grain size that varies between very fine to medium sand (Fig. 5.7). The thin sets of lamina are 

observed to be parallel to the bedding. This facies is always found as one single bed, and the 

thickness of each bed varies from 25 cm to 1 m. Normally the beds of this facies are 25 cm 

thick, and the thickness of the lamination is from 1 mm to 1 cm, normally 1 cm. The 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Interpretation 

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

beds formed in the lower flow regime does normally not consist of sediments with a finer 

grain size than 0.6 mm (Paola et al., 1989). The grain size (very fine to medium sand) of the 

beds of Facies F therefore suggests that these beds were formed in the upper flow regime. 

The lack of bioturbation might suggest that the energy was too high during deposition for 

organisms to be able to live in the sediments. No indication of bioturbation may also suggest 

that the sedimentation rate was higher than the bioturbation rate (Gringras et al., 2007). 

Planar parallel lamination can be formed by several mechanisms, such as turbidites (Leclair 

& Arnott, 2005) and high-energy processes (Simons et al., 1961). Therefore, to be able to 

Figure 5.7: Planar parallel laminated sandstone characteristic of Facies F.  
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find a more precise depositional environment for these planar parallel laminated beds, the 

facies above and below have to be included in the interpretation.  

 

Facies G – Structureless sandstone 

G.1 Structureless sandstone 

Facies G (Fig. 5.8) can be recognized by its homogenous appearance, and the lack of internal 

structures. It consists of structureless sandstone beds with a grain size that varies between 

very fine and coarse sand. The thickness of each bed ranges from 20 cm to 1 m, but are 

normally approximately 25 cm. The beds can be stacked on top of each other, and make up 

sequences that can be from 20 cm to 3 m thick. The bioturbation index is low to moderate 

(BI: 0-3), and traces of Skolithos, Ophiomorpha cf. nodosa and Ophiomorpha cf. irregulaire 

can be observed in some of the beds and on the bed surfaces (Fig. 5.8). The Skolithos traces 

can be up to 15 cm long, whereas the traces of Ophimorpha cf. nodosa can be up to 20 cm 

long. This facies is present in Log 3 and Log 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Interpretation 

According to Hamblin (1965) most of the sandstones that appear structureless show internal 

structures when they are studied by the use of X-ray. As only field observations, and not X-

ray, were used on the beds in the Sobrarbe Formation not enough information is provided to 

rule out the possibility that beds of this facies are structureless sandstones. They are therefore 

Figure 5.8: Structureless beds of Facies G.1 with traces of Ophiomorpha cf. nodosa (O). 
The burrows of Ophiomorpha cf. nodosa can be up to 20 cm long.  
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interpreted to be structureless on the basis of the field observations. Structureless beds are 

rare, but do exist (Boggs, 2014). Structureless sandstones are thought to be formed when 

traction transport is absent and the sediment is deposited rapidly from suspension, or from 

sediment transported by density currents (Hamblin, 1965; Boggs, 2014). Structureless 

sandstone beds can also be a result of liquefaction caused by a sudden shock, which will 

remove the primary sedimentary structures and leave the beds structureless (Boggs, 2014). 

The low bioturbation degree supports the theory that the structureless sandstones are 

deposited rapidly from suspension, as the bioturbation degree normally will be low when the 

sedimentation rate is high (Gringras et al., 2007). Ophiomorpha cf. nodosa is the most 

common trace fossil in these beds, which is characteristic in environments with high energy 

(Nagy et al., 2016). The monospesific assemblage, consisting of Ophiomorpha cf. nodosa 

and Ophiomorpha cf. irregulaire suggests an opportunistic colonization behavior, and might 

indicate that the environmental conditions were restricted (Nagy et al., 2016). The length of 

the Ophiomorpha cf. nodosa traces, in addition to their width, suggests that the amount of 

dissolved oxygen was high enough for larger animals to live in this environment (Gringras et 

al., 2007). Based on the grain size (coarse sand), the low mud content, moderate sorting and 

the trace fossil assemblage, this facies is interpreted to have been deposited rapidly from 

suspension, in a shallow-marine high-energy environment. 

 

G.2 – Structureless sandstone with rapid changes in grain size 

Description 

This subfacies consists mostly of structureless sandstone beds, but is different from Facies 

G.1 in the way that thin beds or lenses of coarser sand and extrabasinal pebbles (up to 3 cm) 

interrupt the otherwise structureless sandstone beds. The structureless sandstone beds have a 

grain size that ranges between upper fine to medium sand. The coarser-grained lenses consist 

of sand with a grain size from fine to coarse, generally coarse, and some layers of pebbles. 

The layers of coarse sand can be from 10-25 cm thick, and some of these coarser beds show 

planar and tangential cross lamination (Fig. 5.9). In addition to the coarse grained lenses, a 

lens of fine-grained sand can be found in a structureless medium grained bed. In addition to 

the lenses of coarse material, cavities, which are thought to have contained rip up mud clasts, 

can be observed. The thickness of each of the structureless beds varies from 20 to 50 cm, and 

the complete successions have a thickness from 50 cm to 1 m.  
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The bioturbation index of the different beds varies. In some beds it can be low (0), whereas it 

can be 2 in other beds. It was not possible to distinguish the different types of trace fossils 

because of the poor outcrop. The sandstones of this facies appear less weathered than other 

sandstones in the studied part of the Sobrarbe Formation, and they can be found in Log 3 and 

Log 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Interpretation 

This facies is characterized by rapid changes in grain size, which indicates that the energy 

conditions varied during deposition (Hjulström, 1939). Cross stratification indicates that the 

sediments at times were transported through traction, in the lower flow regime (Simons et al., 

1961; Shanmugam et al., 1993). The lenses of coarse sand, pebble lags and internal scours 

might indicate that the seafloor at times experienced erosive high-energy events such as 

flood-events or storm activity (Bates, 1953; Dott & Bourgeois, 1982). A overall low 

bioturbation degree suggests that the sedimentation rate might have made the living 

conditions on the seafloor unfavorable for organisms (Gringras et al., 2007). 

 

Facies H – Conglomerate with nummulites 

Description 

Facies H is a matrix-supported conglomerate with a yellow to brown or grey color, and a 

grain size ranging from very fine to fine sand. Facies H normally consists of one single bed 

Figure 5.9: Facies G.2 is characterized by rapid changes in energy. The 
picture shows a lens of coarse sand, in the otherwise medium-grained 
sand, with cross lamination.  
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that can be from 25 cm to 2 meters, and is characterized by the high content of nummulites. 

Generally no sign of wave- and current-induced sedimentary structures can be observed in 

this facies. The nummulite content is estimated to be between 5-40 %, and the size of the 

nummulites ranges from 0.2-1.5 cm. Generally, the amount of small nummulites (0.2-0.5 cm) 

is higher than the amount of larger nummulites (0.5-1.5 cm). The assemblages of nummulites 

can be concentrated in bands (Log 2) (Fig. 5.10), or be present in the whole bed. In the band 

of nummulites, the amount of nummulites is estimated to be between 30 and 40 %, and the 

nummulites have an orientation parallel to the bedding. These nummulite-rich bands are 

normally located toward the top of the beds. In the non-banded beds the nummulites show no 

preferred orientation. Except from the high amount of nummulites, this facies is otherwise 

structureless except from one bed in Log 3 where planar cross bedding could be observed.  

 

Overall, the amount of small nummulites relative to larger nummulites increases basinward in 

the studied succession. The degree of bioturbation is between 0 and 4, and inclined, 

horizontal and vertical trace fossils can be observed. These could not be identified because of 

the bad preservation in outcrop. This facies can be found associated with Facies A, B and D, 

and can be observed to change downdip into Facies C. Facies H is not very common, and can 

only be found a few places in Log 1, 3 and 4.  

 

 

 

 

 

Figure 5.10: The pictures show one of the beds that contain bands of nummulites. These 
bands contain both small (0.2-0.5 mm) and large (0.5-1.5 cm) nummulites, but small 
nummulites dominate in these beds. The amount of nummulites is estimated to be 30-40 %. 
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Interpretation 

Nummulites are benthic marine organisms that normally live at depths between 5 and 150 m, 

and are thought to live in the first centimeters of the bottom sediments (Lalueza, 2009). The 

mechanisms and ecological conditions forming the large accumulations of nummulites are not 

yet fully understood, and there are no present-day analogues (Racey, 2001; Jorry et al., 2006; 

Mateu-Vicens et al., 2012). According to Dreyer et al. (1999) the Ainsa Basin did at some 

periods experience a lower siliciclastic sedimentation rate, which led to the accumulation of 

nummulites in the shallower parts of the area.  

 

The nummulites have different sizes, and can be divided into the smaller asexually produced 

A-forms (0.25-0.5 cm) and the larger sexually produced B-forms (0.5-1.5 cm). Deviations 

from a certain ratio of A- and B-form nummulites have previously been used to find how 

much winnowing the deposits have been subjected to (Racey, 2001). However, for non-

specialists it can be difficult to separate between A- and B forms, especially if another 

species have a smaller B-form size which can overlap in size with the A-forms (Racey, 

2001). The interpretation Facies H is therefore based on the hydrodynamic behavior of the 

nummulites, and not the ratio between A- and B-forms.  

 

In Facies H the relative amount of smaller nummulites are higher than the amount of larger 

nummulites. This is also the case when this facies is found in the more distal parts of the 

delta. As larger nummulites not necessarily are less abundant in these deeper waters than the 

small nummulites, the deposits are interpreted to have been transported (Mateu-Vicens et al., 

2012). This interpretation is based on the fact that the smaller nummulites are more easily 

transported than the larger nummulites (Mateu-Vicens et al., 2012). Racey (2001) explains 

that nummulites can be transported to deeper areas by storm currents, and this will result in a 

higher amount of small nummulites relative to larger forms. Mateu-Vicens et al. (2012) 

suggest that the Ainsa Basin was too small to form the storm waves required to transport and 

deposit the large assemblages of nummulites. They therefore suggest that debris flows, 

triggered by internal waves, transported the nummulitic deposits further out into the basin 

(Mateu-Vicens et al., 2012). The presence of small nummulites, together with the absence of 

sedimentary structures, supports this interpretation. The nummulite conglomerates of Facies 

H is therefore interpreted to be allochthonous to parautochthonous deposits transported by 

debris flows, and deposited below the active wave-base.  
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Facies I  

I1 Distal channelized sandstones  

Description 

Facies I1 consists of successions of sandstones with a grain size from lower fine to medium 

sand, which have a brown color on the weathered surfaces (Fig. 5.11). The thickness of the 

beds is between 0.5 cm and 1.5 m, and the thinner beds normally occur in the lower part of 

the successions. An erosive boundary towards the underlying marl of Facies A can be 

observed at all the localities, and the sandstones are interbedded with thin beds of Facies A. 

The layers of marl in-between the sandstone beds get thinner and less frequent towards the 

top of the successions. The different beds in the successions are sharp based, can show signs 

of amalgamation and pinch out laterally into the surrounding Facies A. 

 

Horizons with cavities, which are thought to previously have been filled with mud clasts, are 

characteristic, and these cavities can be from a few mm up to 3 cm in diameter. Some of the 

cavities could also have been filled by nummulites in Log 1, and these cavities show 

imbrication or an orientation parallel to the bedding. Most of the thicker beds appear 

structureless, but in some of the beds internal planar lamination can be observed (Log 1). 

Planar bedding and planar- and trough cross-lamination is also present, thus not very 

frequent. These structures are all associated with basal traction (Shanmugam et al., 1993). 

Soft-sediment deformation can be observed at one locality (Log 1), but is not a characteristic 

feature of this facies. 

 

One feature that is occurs frequently is load casts at the bottom of the sandstone beds (Fig. 

5.12). On top of some of the beds ripples can be observed, and the thinner beds can also show 

undulating bedding surfaces. The bioturbation index is overall low (BI: 0), but in some of the 

beds some bioturbation can be observed, though this is not very common. The total thickness 

of the channel infill succession is between 2 and 5 meter, and they have a lateral extent 

between 15 and 20 meters. This facies appears to be located at the same stratigraphic level in 

Log 1 and 2. In Log 3 this facies is located at a different stratigraphic level. 
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Interpretation 

The sandstone beds of Facies I1 have a restricted lateral extent and erosive bases, which 

suggests that these sandstones were deposited as channel deposits. The fact that most of the 

sandstone beds are mostly structureless might indicate that the sand was deposited rapidly 

from a sediment gravity flow, and therefore show few signs of traction structures (Mulder & 

Alexander, 2001). Imbrication and alignment of nummulites can also be evidences of 

transport with a turbulent flow (Posamentier & Walker, 2006). The sandstone beds of Facies 

Figure 5.11: The picture shows a succession of stacked, mostly 
structureless, sandstone beds characteristic of Facies I1. The thickness of 
the sandstone beds varies, and they are interbedded with marl of Facies A.  

Figure 5.12: Load casts that can be found under some of the 
sandstone beds of Facies I1.  
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I1 are always found with a sharp boundary towards the underlying marl of facies A, which 

suggests that the sandstones of Facies I1 were deposited in a similar depositional 

environment as Facies A. The presence of thin beds of marl in-between the sandstone beds 

suggests that the energy conditions varied through the deposition of the successions, and that 

the deposition of sand was not continuous.  

 

Even though the structureless sandstone units do not show the characteristic Bouma 

sequences they are still interpreted as turbidite deposits (Posamentier & Walker, 2006). The 

observation of soft-sediment deformation strengthens this theory, as this indicates that the 

sediments were fluid filled at the time of deposition which is characteristic of turbidite flows 

(Posamentier & Walker, 2006). Load casts, which can be found on the base of many of the 

sandstone beds are also common to find in turbidity currents, and are formed when sand is 

deposited on top of water-saturated mud (Kelling & Walton, 1953; Kuenen, 1953). Cross 

bedding, planar bedding and planar lamination indicates that the energy has varied through 

the deposition of the succession, and that the flow at times moved sediment through traction 

(Shanmugam et al., 1993). The amalgamation of the beds can also indicate that the flows at 

times were erosive (Mattern, 2002). The stacking of the beds is not similar throughout the 

sequence, which can indicate that the frequency of the turbidity currents varied. This facies 

shows similarities to Facies 3B of Wadsworth (1994). 

 

I.2 Proximal channelized sandstones  

Description 

Facies I.2 can only be observed at four localities. It consists of sandstone beds with a sharp or 

erosive base, and a grain size of fine to coarse sand. The successions can either show no 

grading, or be upwards fining. Beds, with a thickness of 7-40 cm, can be stacked on top of 

each other to make up a succession, or the facies can consist of only one bed. The total 

thickness of the stacked successions is between 40 cm and 4 m, and the successions tend to 

show either no vertical trend or an upward-fining. Some beds are observed to pinch out onto 

the surrounding facies (Facies L), and the succession is therefore often thickest in the middle. 

Cavities and rip-up mud clasts can be observed in some of the beds. Two of the outcrops 

consist of several stacked beds, and pebbles (extrabasinal) with a size of 1-3 cm, shell 

fragments and cavities with a diameter from 3 mm to 2 cm (thought to represent rip-up mud 

clasts) can be identified in some of these beds. At one locality (Log 1) one of the beds also 

shows tangential cross stratification (showing an apparent transport direction towards NE), in 
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addition to structureless beds (Fig. 5.13). Parallel lamination and mud drapes, inclined 

towards N-NW and S-SE, can also be observed at one location. Some of the beds are friable, 

but normally the beds appear well consolidated. The bioturbation index is between 0-2, and a 

few horizontal trace fossils are observed at the bottom of one bed. Some vertical trace fossils 

could also be observed at one location. Facies I2 is often found associated with Facies L, and 

it can be found in Log 1 and Log 3. 

 

 

 

 

 

 

 

 

 

 

Interpretation 

These sandstone beds are recognized by their consolidated appearance, and show similarities 

with Facies I1. The lack of bioturbation, compared to the overlying and underlying facies, is 

characteristic in outcrop. This can indicate a high sedimentation rate, as the bioturbation 

degree often is low when the sedimentation rate is high (Gringras et al., 2007). The 

sandstones of Facies I.2 are amalgamated, which can indicate stable high-energy conditions, 

although mud drapes observed in Log 1 might indicate that the energy at times were lower. 

These variable energy conditions might be explained by changes in flow conditions in the 

channel. The lateral confinement of the sandstone beds, the amalgamation of the beds and the 

lack of a basal coarse lag, in addition to the close association with Facies L, suggest that 

Facies I.2 might represent deposits from a distributary channel (Olariu & Bhattacharya, 

2006). No signs of subaerial exposure can be observed. Tangential cross- stratified beds that 

alternate with massive beds, and the observations of rip-up mud clasts, fits well with terminal 

distributary channels described by Olariu and Bhattacharya (2006). The width and the 

Figure 5.13: Medium-grained sandstone beds are stacked on top of 
each other. Tangential cross stratification can be observed in some of 
the beds, which show an apparent transport direction toward NE.   
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thickness of the channels found in the Sobrarbe Formation is also similar to the smallest 

terminal distributary channels described by Olariu and Bhattacharya (2006).  

 

Facies J – Wavy bedded sandstone 

Description 

The beds of this facies are characterized by wavy bedding, and the grain size ranges from 

lower fine to lower medium sand. The beds normally have a grain size of finer sand, and a 

thickness of 1-2 cm. The beds are clearly layered, and are separated by what is thought to be 

layers of mud or silt with a thickness of approximately 1 mm. The proportion of sand relative 

to mud or silt is estimated to be 70 per cent. The succession of wavy bedded sandstone can 

have a total thickness of between 45 cm to 2.75 m. The bioturbation index of this facies is 

low, normally 1. It is difficult to identify the different trace fossils in the beds because of poor 

preservation, but traces of Ophiomorpha cf. nodosa and Planolites can be identified. The 

different beds show lateral variations, and cannot always be followed for long distances 

laterally. Symmetrical wave ripples (Fig. 5.14) can be observed in some of the beds, and 

some of the sandstones are poorly sorted. This facies can be found in the upper part of both 

Log 1 and Log 3.  

 

Two thicker cross-bedded sandstones, showing an apparent paleocurrent direction towards N-

NW, can be observed in this facies at two localities, both of which are in Log 3. These 

sandstones are thicker than the average bed thickness of this facies, and have a more 

consolidated appearance. The thickness of these successions is approximately 25 cm, whereas 

each of the cross-bedded beds are between 10-15 cm.  

 

 

 

 

 

 

 

 

 

 Figure 5.14: The picture shows the characteristic wavy bedded sandstones of Facies 
J, interbedded with clay or silt. Some of these sandstone beds are moderately to 
poorly sorted. Some symmetrical wave ripples can be observed.  



SEDIMENTOLOGY AND DEPOSITIONAL ENVIRONMENTS  
	

	54 

Interpretation 

The thin beds of sand separated by thin silt or clay layers suggest that the environment has 

been affected by rapid changes in energy. Thin sandstone beds were deposited when the 

energy was high, whereas the finer-grained silt/clay was deposited during periods when the 

energy was low. The low degree of bioturbation and the fact that only a few traces of 

Ophiomorpha cf. nodosa was observed in these sandstone beds supports the interpretation of 

high-energy periods, as Ophiomorpha often can be found in high-energy environments (Nagy 

et al., 2016). Some of the thin sandstone beds are poorly sorted, which might indicate that 

these sediments were deposited rapidly from suspension (Kneller & McCaffrey, 1999) . This 

will happen if the flow suddenly looses its competence, and all grain sizes present in the flow 

is deposited at the same time. No indications of tidal deposits were observed, and the 

heterolithic deposits of Facies J is thus interpreted to have been deposited as a result of 

varying river output. Symmetrical wave ripples indicates that the deposits have been affected 

by waves, and thus suggests deposition above fair-weather wave base (Clifton, 1976; Peters 

& Loss, 2012). The thicker cross-bedded sandstones are interpreted to have been deposited 

during a period with more stable energy conditions. Cross-bedding indicate deposition in a 

lower flow regime (Simons et al., 1961), in a period when traction occurred. 

  

Facies K – Tabular-bedded sandstone 

Description 

Parallel bedding characterizes Facies K, and the grain size of this facies is between lower fine 

and upper medium sand (Fig. 5.15). The sandstone beds are generally moderately sorted. 

Burrows of Skolithos, Ophiomorpha, Planolites and Rhizocorallium can be observed, and the 

bioturbation degree is between 3 and 5. The thickness of the sandstone beds is between 15-50 

cm, and the beds are stacked directly on top of each other to make up successions that can be 

from 50 cm to 7 m thick. In Log 4, remnants of biogenic material with a yellow to orange 

color can be observed on the boundary between two of the beds. At this location some of the 

beds, which are between 7-18 cm, show cross lamination, and possible mud draping was 

observed towards the top of the succession. At some locations in Log 1, scour and fill 

structures can be observed. Some post-depositional concretions are present in this facies in 

Log 1. Overall, this facies shows a homogenous weathering in outcrop, and it can be found in 

Log 1 and Log 3.  
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Interpretation 

The degree of bioturbation of this facies can possibly be explained by low sedimentation 

rates, which would have given the organisms time to rework the sediment and remove any 

sedimentary structures that might have been present (Gringras et al., 2007). Vertical 

variations in the degree of bioturbation, which can be observed by the presence of cross 

stratification in some beds, may therefore indicate varying rates of sedimentation. The 

mechanism that have deposited these sediments must also at times have been strong enough 

to produce the scour structures observed in Log 1. The fact that cross lamination can be 

observed in some of the beds suggests that the sediments at times were transported through 

traction (Shanmugam et al., 1993). The mud draping observed towards the top of some of the 

successions suggests varying energy conditions, which could be caused by a tidal influence, 

or variations in the distance to the river mouth. The lack of sedimentary structures, as a result 

of intense bioturbation, makes it difficult to interpret an exact depositional environment, but 

no other structures indicating tidal activity were observed. The thin layers of oxidized 

material, the high amount of upper fine to medium sand, together with the high degree of 

bioturbation, might suggest that the sandstone beds of this facies were deposited not too far 

Figure 5.15: The picture shows the tabular-bedded sandstones of Facies K stacked 
on top of each other. The degree of bioturbation in these beds is high, which makes 
it difficult to identify different sedimentary structures. 
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from the shore. Ophiomorpha, Planolites and Rhizocorallium support the interpretation of a 

shallow-marine high-energy depositional environment (MacEachern & Pemberton, 1992; 

Worsley & Mørk, 2001; Nagy et al., 2016).  

 

Facies L – Poorly sorted, highly bioturbated sandstone 

Description 

This facies consists of sandstone beds with a grain size from lower fine to lower medium, and 

the beds are characterized by a high degree of bioturbation (BI: 4-5). The sandstone beds are 

generally moderately to poorly sorted, and tend to be friable. The types of trace fossils that 

can be observed in these beds are Skolithos, and because of the high degree of bioturbation, 

no sedimentary structures can be observed. The thickness of the beds is between 1.5 and 3.5 

m. The beds often contain Velates gastropods and small shell fragments, and nummulites can 

also be observed in some of these beds. At some localities the gastropods can be found 

preserved in the sediments, while at other places the gastropods have been weathered out. 

Concretions can also be observed at one locality (Fig. 5.16), but they are interpreted to have 

been formed after deposition. These concretions are often observed to enclose gastropods and 

nummulites. At one locality cross-stratification can be observed, but this is poorly preserved 

because of the high degree of bioturbation. Facies L can be found in Log 1 and Log 3. 

 

 

Figure 5.16: Facies L is thoroughly bioturbated, which makes it difficult to recognize any 
sedimentary structures in outcrop. Concretions can be observed, but they are interpreted to have 
been formed after deposition. The concretions often enclose gastropods and nummulites.  
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Interpretation 

Both the Velates gastropods and the nummulites indicate a marine depositional environment 

(Lalueza, 2009). As a result of the high degree of bioturbation, it is difficult to interpret an 

exact depositional environment. However, the high degree of bioturbation characteristic of 

this facies might suggest that the degree of reworking by organisms was higher than the rate 

of sedimentation (Bromley, 1990). The benthic organisms living in the sediments must have 

had favorable conditions to be able to reorganize the sediments to this degree (Bromley, 

1990). Like in Facies D, the Velates gastropods are found in their life position, which 

suggests that the deposits are autochthonous. The poor sorting observed at one locality might 

suggest rapid deposition from suspension (Kneller & McCaffrey, 1999), but can also be a 

result of biogenic reworking. The cross stratification indicates that the sediments at times 

were transported through traction (Shanmugam et al., 1993).  

 

The fact that this facies show a higher degree of bioturbation, in addition to a slightly lower 

grain size compared to Facies K, suggests that this facies was deposited during lower 

sedimentation rates than Facies K. The depositional environment might therefore have been 

more distal, relative to the river mouth, than for Facies K, and Facies L is interpreted to 

represent a distal mouth bar.  



SEDIMENTOLOGY AND DEPOSITIONAL ENVIRONMENTS  
	

	58 

 

 
 
  

  
Fa

ci
es

 
D

es
cr

ip
tio

n 
St

ru
ct

ur
es

 
G

ra
in

 si
ze

 
B

I 
In

te
rp

re
ta

tio
n 

A
 

B
lu

e-
gr

ey
 si

lty
 m

ud
st

on
e 

W
ea

th
er

ed
 in

 o
ut

cr
op

, f
or

m
in

g 
sc

re
e 

sl
op

es
 

C
la

y-
Si

lt 
0-

1 
Su

sp
en

si
on

 fa
llo

ut
 

B
1 

Th
in

-b
ed

de
d 

sa
nd

st
on

e 
D

ire
ct

io
na

l r
ip

pl
es

, o
cc

as
io

na
l p

ar
al

le
l l

am
in

at
io

n 
V

f-
F 

0-
1 

Tu
rb

id
ity

 c
ur

re
nt

s 
B

2 
Th

in
-b

ed
de

d 
bi

ot
ur

ba
te

d 
sa

nd
st

on
e 

N
o 

st
ru

ct
ur

es
 o

bs
er

ve
d 

V
f-

F 
4-

5 
M

as
s t

ra
ns

po
rt 

m
ec

ha
ni

sm
s 

C
 

St
ru

ct
ur

el
es

s v
er

y 
fin

e 
sa

nd
st

on
e 

H
om

og
en

ou
s s

an
ds

to
ne

. O
cc

as
io

na
l s

he
ll 

fr
ag

m
en

ts
 

V
f 

0-
1 

D
eb

ris
 fl

ow
 

D
 

Th
or

ou
gh

ly
 b

io
tu

rb
at

ed
 

sa
nd

st
on

e 
In

cl
ud

es
 n

um
m

ul
ite

s, 
ec

hi
no

id
s, 

ga
st

ro
po

ds
 a

nd
 sh

el
l 

fr
ag

m
en

ts
 

V
f-

F 
4-

5 
Sh

al
lo

w
-m

ar
in

e 
w

ith
 fa

vo
ra

bl
e 

liv
in

g 
co

nd
iti

on
s 

E
 

C
ro

ss
-s

tra
tif

ie
d 

sa
nd

st
on

e 
Tr

ou
gh

 c
ro

ss
-s

tra
tif

ic
at

io
n,

 lo
w

-a
ng

le
 c

ro
ss

 
la

m
in

at
io

n 
F 

0-
1 

La
rg

e-
sc

al
e 

m
ig

ra
tin

g 
du

ne
s 

F 
Pl

an
ar

 p
ar

al
le

l l
am

in
at

ed
 

sa
nd

st
on

e 
Pl

an
ar

 p
ar

al
le

l l
am

in
at

io
n 

V
f-

M
 

0-
1 

H
ig

h-
en

er
gy

 c
on

di
tio

ns
, u

pp
er

 fl
ow

 
re

gi
m

e 
G

1 
St

ru
ct

ur
el

es
s s

an
ds

to
ne

 
H

om
og

en
ou

s. 
C

an
 in

cl
ud

e 
la

rg
e 

as
se

m
bl

ag
es

 o
f 

O
ph

io
m

or
ph

a 
V

f-
C

 
0-

3 
R

ap
id

 d
ep

os
iti

on
 in

 a
 h

ig
h-

en
er

gy
 

en
vi

ro
nm

en
t 

G
2 

St
ru

ct
ur

el
es

s s
an

ds
to

ne
 

w
ith

 ra
pi

d 
ch

an
ge

s i
n 

gr
ai

n 
si

ze
 

Pe
bb

le
s, 

rip
-u

p 
cl

as
ts

 a
nd

 le
ns

es
 o

f c
oa

rs
er

-g
ra

in
ed

 
sa

nd
. P

la
na

r a
nd

 ta
ng

en
tia

l c
ro

ss
 la

m
in

at
io

n 
F-

M
 

0-
2 

R
ap

id
 d

ep
os

iti
on

 in
 a

n 
en

vi
ro

nm
en

t w
ith

 
ra

pi
d 

ch
an

ge
s i

n 
en

er
gy

. L
ow

er
 to

 u
pp

er
 

flo
w

 re
gi

m
e 

H
 

C
on

gl
om

er
at

e 
w

ith
 

nu
m

m
ul

ite
s 

N
um

m
ul

ite
 c

on
te

nt
 o

f 5
-4

0%
. C

ro
ss

 b
ed

di
ng

 
ob

se
rv

ed
 a

t o
ne

 lo
ca

tio
n 

V
f-

F 
0-

4 
A

llo
ch

th
on

ou
s t

o 
pa

ra
ut

oc
ht

ho
no

us
 to

 
ac

cu
m

ul
at

io
ns

  
I1

 
D

is
ta

l c
ha

nn
el

iz
ed

 
sa

nd
st

on
es

 
St

ru
ct

ur
el

es
s b

ed
s, 

rip
-u

p 
cl

as
ts

, s
of

t-s
ed

im
en

t 
de

fo
rm

at
io

n,
 lo

ad
 c

as
ts

, p
la

na
r l

am
in

at
io

n 
an

d 
be

dd
in

g 
an

d 
pl

an
ar

 a
nd

 tr
ou

gh
 c

ro
ss

-la
m

in
at

io
n 

F-
M

 
0-

1 
Tu

rb
id

ite
 c

ha
nn

el
 sa

nd
st

on
es

 

I2
 

Pr
ox

im
al

 c
ha

nn
el

iz
ed

 
sa

nd
st

on
es

 
St

ru
ct

ur
el

es
s b

ed
s, 

rip
-u

p 
cl

as
ts

, s
he

ll 
fr

ag
m

en
ts

, 
pe

bb
le

s, 
ta

ng
en

tia
l c

ro
ss

-s
tra

tif
ic

at
io

n,
 p

la
na

r 
la

m
in

at
io

n 
an

d 
m

ud
 d

ra
pe

s 

F-
C

 
0-

2 
Te

rm
in

al
 d

is
tri

bu
ta

ry
 c

ha
nn

el
s 

J 
W

av
y 

be
dd

ed
 sa

nd
st

on
e 

Sy
m

m
et

ric
al

 w
av

e 
rip

pl
es

. O
cc

as
io

na
l c

ro
ss

 b
ed

di
ng

 
F-

M
 

0-
1 

En
vi

ro
nm

en
t w

ith
 ra

pi
d 

ch
an

ge
s i

n 
en

er
gy

 
K

 
Ta

bu
la

r-
be

dd
ed

 
sa

nd
st

on
e 

C
ro

ss
 la

m
in

at
io

n,
 m

ud
 d

ra
pe

s, 
bi

og
en

ic
 m

at
er

ia
l a

nd
 

sc
ou

r-
an

d 
fil

l s
tru

ct
ur

es
 

F-
M

 
3-

5 
Sh

al
lo

w
 m

ar
in

e,
 h

ig
h-

en
er

gy
 d

ep
os

iti
on

al
 

en
vi

ro
nm

en
t 

L
 

Po
or

ly
 so

rte
d,

 h
ig

hl
y 

bi
ot

ur
ba

te
d 

sa
nd

st
on

e 
G

as
tro

po
ds

, s
he

ll 
fr

ag
m

en
ts

 a
nd

 n
um

m
ul

ite
s. 

Po
or

ly
 

pr
es

er
ve

d 
cr

os
s s

tra
tif

ic
at

io
n 

at
 o

ne
 lo

ca
lit

y 
F-

M
 

4-
5 

D
is

ta
l m

ou
th

 b
ar

 d
ep

os
its

 

T
ab

le
 5

.1
: F

ac
ie

s 
ta

bl
e 

fo
r t

he
 st

ud
ie

d 
se

ct
io

n 
of

 th
e 

So
br

ar
be

 F
or

m
at

io
n.

 



University of Oslo                                                                                                                            Olsen, 2017 
	

	 59 

5.2  Facies associations 
 

5.2.1 Facies association 1 (FA1) – Offshore  

Description 

FA1 is dominated by marl of Facies A (90-95 %) interbedded with thin, very fine sandstone 

beds of Facies B.1 and B.2 (Fig. 5.17). The beds of Facies B have a sharp or erosional base 

towards the underlying Facies A, and the fossil assemblage, dominated by Planolites, can be 

observed towards the top of Facies A below the layers of Facies B. The thin sandstone beds 

of Facies B are observed to occur more frequently towards the upper part of the successions 

at some locations, and FA1 does at these locations show an upwards-cleaning trend. Facies C 

(Fig. 5.17) also show a sharp base toward the underlying Facies A, but the beds of Facies C 

are thicker and more homogenous than Facies B. Facies C does not occur as frequently as 

Facies B. Facies A, B and C are the main components of FA1.  

 

Occasionally in Log 4, Facies H can be observed together with both Facies A and B as 25 cm 

to 2 m thick beds of very fine to fine sandstones with a high content of nummulites. Facies H 

can only be found together with Facies A and B at a few localities in Log 4, and show 

assemblages of nummulites where some are oriented parallel to the bedding. Imbrication of 

the nummulites can also be observed in some of these beds. Some of the nummulite-rich beds 

are observed to change into Facies C downdip.  

 

The third facies that is observed to occur together with Facies A and B (in Log 1, 2 and 3) is 

the well-sorted, fine- to medium-grained laterally confined sandstones of Facies I1 (Fig. 

5.17). These sandstone beds are, in addition to be laterally confined, erosive based and pinch 

out towards the sides into the surrounding Facies A. The sandstone beds are also interbedded 

with thin beds of Facies A. These sandstones can either be structureless or show features such 

as load casts, tangential and planar cross stratification, soft-sediment deformation and rip-up 

mud clasts. The channel successions are 15-20 m wide and 5-10 m high.  
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Interpretation 

The grain size (mostly silt), the structureless nature of the successions, the wide lateral extent 

and the occasional observation of lamination suggest that FA1 was deposited mostly from 

suspension in a low-energy environment (Hjulström, 1939). This interpretation is supported 

by the lack of structures indicating storm activity, and FA1 is thus interpreted to have been 

deposited below storm weather wave base (Peters & Loss, 2012). The sandstone beds of 

Facies B, C and the nummulitic deposits of Facies H are interpreted to have been transported 

by gravitational processes such as turbidity currents and other mass transport mechanisms 

into the offshore environment. The trace fossils observed in Facies A is often found close to 

the sandstone beds of Facies B, which can indicate that the mass transport mechanisms in 

addition to transporting sediments also transported oxygen. This could have increased the 

Figure 5.17: FA1 is composed of mostly silt of Facies A and thin sandstone beds of Facies B. A 
thin sequence of Facies C can be observed at the picture and at the log at 2 m, and a succession of 
thin channelized sandstones of Facies I1 can be observed at the top of both the picture and the log.  
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oxygen levels on the sea floor and resulted in better living conditions (Savrda & Bottjer, 

1986; Hall, 1997).  

 

The channel sandstones of Facies I1 are interpreted to have been transported by turbidity 

currents, as they show several features characteristic of turbidity currents such as load casts, 

good sorting, soft sediment deformation and traction structures (McCubbin, 1982; 

Posamentier & Walker, 2006; Boggs, 2014). These channels might have transported sediment 

further into the Ainsa Basin, where they could have been deposited as more distal turbidites 

(Wadsworth, 1994). FA1 is interpreted to have been deposited below storm-weather wave 

base, as no sedimentary structures indicating storm wave reworking can be observed in any 

of the facies in this association. FA1 is interpreted to represent the lowest energy-

environment in the studied part of the Sobrarbe Formation. FA1 show similarities to Facies 

Association 1 of Hall (1997), which was interpreted to represent an offshore depositional 

environment. 

 

5.2.2 Facies association 2 (FA2) – Low-energy lower shoreface  

Description 

FA2 (Fig. 5.18) is characterized by the thoroughly bioturbated very fine to fine sand of Facies 

D, which makes up 95 per cent of the facies association. Velates gastropods in their life 

position and shell fragments are abundant, and nummulites can be found in all the beds of 

Facies D. Occasionally, both whole echinoids and echinoid fragments are present, but no 

sedimentary structures can be observed. Facies D, which contains a high number of 

nummulites but show no sedimentary structures, is closely associated with Facies H. The 

nummulite content in the beds of Facies H is between 20-30 per cent, and the beds contain 

both large and small nummulites that show no preferred orientation to the bedding. 

Occasionally planar cross bedding can be observed in the nummulite-rich beds, and the 

nummulite assemblage in these beds often consists of a higher number of big nummulites. 

The boundary between the beds of Facies D and Facies H is difficult to characterize because 

of the high degree of bioturbation of Facies D and the high nummulite content of Facies H, in 

addition to the weathering of the beds of the two facies. FA2 can be found in Log 1 and Log 

3. FA2 is observed to pass downdip into FA1. 
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Interpretation 

The fauna of FA2, which consists of nummulites, echinoids and Velates gastropods indicates 

that the deposits are marine (Lalueza, 2009), and the gastropods in their life position suggests 

that the deposits are autochthonous. The high content of sand, together with the high 

bioturbation index, indicates that FA2 is deposited in a shallower environment with a higher 

energy than FA1 (Hjulström, 1939). Hall (1997) found scour- and fill-structures in 

Lithofacies 5, which is thought to be equivalent to Facies D. Hall (1997) interpreted these 

structures to be a result of storm activity, and can indicate that Facies D is deposited above 

storm weather wave base. FA2 is thus interpreted to have been deposited in a lower-shoreface 

setting. This interpretation is supported by the high degree of bioturbation and the marine 

fauna, which according to Howard (1972) is a characteristic feature of the lower shoreface. 

 

Figure 5.18: FA2 is composed of Facies D (A) and Facies H (B). The 
boundary between these two facies can often be difficult to define 
because of the high degree of bioturbation in addition to the weathering of 
the two. 
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Facies H can be found closely associated with Facies D in Log 1, and show occasional cross 

bedding in addition to randomly oriented nummulites. The nummulite rich beds of Facies H 

are interpreted to be residual deposits, where many of the smaller nummulites have been 

removed, possibly during transport (Aigner, 1985). As the nummulites can live at water 

depths between 5 and 150 m (Lalueza, 2009), the parautochthonous and residual deposits of 

Facies H can therefore, according to Jorry et al. (2006), be found in a range of depositional 

environments. The close association with Facies D thus suggests deposition in a lower 

shoreface setting.  

 

5.2.3 Facies association 3 (FA3) – High-energy lower shoreface  

Description 

The components of FA3 are Facies L, Facies I.2 and Facies D (Fig. 5.19). Facies L is 

thoroughly bioturbated, consists of beds with a grain size between very fine and medium sand 

and contains shell fragments and Velates gastropods in their life position. Facies L shows 

similarities to Facies D, but is different in the way that it contains a less diverse fauna and 

normally consists of beds with a slightly coarser grain size. The sorting of Facies L is often 

poor, and the sandstones are friable in outcrop. Facies L is often overlain or truncated by 

Facies I.2 (Fig. 5.19), which consists of channelized amalgamated structureless or tangential 

cross-stratified sandstone beds. These sandstone beds also occasionally show pinch-out 

structures and rip-up mud clasts. The bioturbation index in the beds of Facies I.2 is low (0-1). 

This feature clearly separates the beds of Facies I.2 from the thoroughly bioturbated 

sandstone beds of Facies L. Facies D can at a few localities be found together with Facies L 

and I.2 (Fig. 5.19), but Facies L and I.2 most commonly occur together. FA3 is recognized by 

the content of shelly debris, nummulites, Velates gastropods and an overall high degree of 

reworking by organisms. Facies I.2 is observed to have a lower bioturbation index than both 

Facies D and L. FA3 can be found in Log 1, and is observed to pass downdip into FA2 and 

FA4. 
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Interpretation 

Facies L is more poorly sorted and consists of sandstones with a higher grain size than Facies 

D and H of FA2. Otherwise, Facies L shows many of the same characteristics as Facies D, 

such as gastropods in their life position and a high degree of bioturbation. However, the 

poorer sorting and the higher grain size suggest that Facies L might have been the result of a 

more rapid deposition in an environment with higher energy than Facies D (Hjulström, 1939; 

Kneller & McCaffrey, 1999).  

 

Facies I2 is often found together with Facies L. Facies I2 erodes down into the underlying 

Facies L, or can be found lying conformably on top. Facies I2 is therefore interpreted, 

together with Facies L, to have been deposited in a lower shoreface setting, more proximal 

than FA2. The close relationship between Facies D, Facies L and Facies I, suggests that all of 

these facies is deposited in a lower shoreface setting, but in a higher energy environment on 

the lower shoreface than FA2. This interpretation is supported by the high degree of 

bioturbation and the marine fauna, which are characteristic features of the lower shoreface 

(Howard, 1972; McCubbin, 1982).  

Figure 5.19: FA3 is composed of the thoroughly bioturbated sandstones 
of Facies D, the poorly sorted, highly bioturbated sandstones of Facies L 
and the channelized sandstones of Facies I.2.	
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The sandstone beds of Facies I.2 are interpreted as terminal distributary channels based on 

the observation that the beds are channelized and amalgamated, in addition to the lack of a 

basal coarse grained lag and the fact that it can be closely related to Facies L (Olariu & 

Bhattacharya, 2006). According to Olariu and Bhattacharya (2006) a distributary channel is 

formed by erosive jet flows from sediment-bearing distributary channels, and can be both 

subaerial and subaqueous. The terminal distributary channels, which often can be followed 

for several kilometers into the basin, can therefore be found eroding into different parts of the 

shoreline profile (Schomacker et al., 2010; Martini & Sandrelli, 2015). The fact that terminal 

distributary channels often can be found cutting into mouth bar deposits (Olariu & 

Bhattacharya, 2006), which is also the case in the studied succession of the Sobrarbe 

Formation, in addition to the close association to Facies L, suggests that Facies I.2 is 

deposited in the lower shoreface setting affected by higher energy than FA2.  

 

5.2.4 Facies association 4 (FA4) – Upper shoreface   

Description 

FA 4 is dominated by the tabular-bedded sandstones of Facies K, which has a grain size of 

lower fine to upper medium sand and is mostly moderately sorted. The bioturbation index of 

Facies K is between 3 and 5. Facies K is often interrupted by sequences of the fine- to 

medium-grained, wavy bedded sandstones of Facies J (Fig. 5.20). The sandstones of Facies K 

are mostly dominated by a trace fossil assemblage that consists of Skolithos, Ophiomorpha, 

Planolites and Rhizocorallium. Some sequences of Facies K show a lower bioturbation index, 

and some of the beds in these sequences can show trough and planar cross-stratification. In 

addition to the observation of trace fossils that occur frequently throughout this facies, traces 

of biogenic material can also be found (in Log 1), in addition to scour- and fill-structures and 

mud draping. The wavy sandstone beds of Facies J are interbedded with silt or mud, and can 

show symmetrical wave ripples. The sorting of Facies J is moderate to poor, and the 

bioturbation index is low (BI: 1).  

 

Facies E can also be found associated with Facies K and J (Fig. 5.20), but does not occur as 

frequently as the other two. Facies E can only be found associated with Facies K and J in Log 

3, where it consists of finer sand and makes up a complex of trough cross-stratification (Fig. 

5.20). This trough cross-stratification shows an apparent transport direction towards NE-SE. 

The bioturbation index of this trough complex is low (0-1). FA4 can be found in Log 1 and 

Log 4, and is observed to pass downdip into FA2 and FA5. 
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Interpretation 

FA4 is dominated by sand with a grain size of lower fine to upper medium, which indicates a 

higher energy environment than FA1, FA2 and FA3 (Hjulström, 1939). This interpretation is 

supported by the trace fossil assemblage, which indicates a high-energy shallow-marine 

environment (MacEachern & Pemberton, 1992; Worsley & Mørk, 2001; Nagy et al., 2016). 

The fact that biogenic material can be found in Facies K indicates that the sediment source, 

for at least some parts of the deposits, is terrigenous (MacEachern & Pemberton, 1992; 

Martini & Sandrelli, 2015). The sedimentary structures that can be observed in FA4, 

including scour- and fill-structures, mud draping, vertical changes in the bioturbation index, 

and the alternation between wavy bedded sandstones and mud/silt of Facies J all indicate that 

the depositional environment has been effected by changing energy conditions (Hjulström, 

1939; Gringras et al., 2007; Boggs, 2014). The fact that symmetrical wave ripples is observed 

in Facies J, suggests that this facies is deposited above fair weather wave base in a shoreface 

Figure 5.20: FA4 includes cross-stratified sandstones of Facies E (lowermost 
picture) and the tabular-bedded sandstones of facies K interbedded with the 
wavy bedded sandstones of Facies J (uppermost picture). The sequence of 
wavy bedded sandstones of Facies J is too small to be observed on the picture, 
but is illustrated on the log.   
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setting (Peters & Loss, 2012). As Facies K and E are closely associated with Facies J, they 

are also interpreted to have been deposited in the same depositional environment. The overall 

moderate to poor sorting suggests that the sediments might have been deposited rapidly from 

suspension (Kneller & McCaffrey, 1999).  

 

The presence of both large- and small-scale cross-stratification indicates deposition from 

traction currents in the lower flow regime (Simons et al., 1961; Shanmugam et al., 1993). The 

fact that Facies J is interpreted to have been deposited above fair-weather wave base, the 

presence of sedimentary structures indicating variable energy conditions and rapid 

deposition, signs of high sedimentation rates, migrating dunes (Facies E) and evidences of a 

terrigenous sediment source suggest deposition in an upper shoreface environment. This 

interpretation is supported by the fact that the bioturbation index is generally lower in the 

upper shoreface than in the lower shoreface (Reineck & Singh, 1980). As FA4 show an 

overall lower degree of bioturbation than FA3, FA4 is therefore interpreted to have been 

deposited in a shallower environment.  

 

5.2.5 Facies association 5 (FA5) – High-energy upper shoreface   

Description 

The structureless sandstone beds of Facies G.1 and G.2 are commonly associated with the 

planar parallel laminated beds of Facies F (Fig. 5.21). Occasionally, Facies G.1, G.2 and F 

can also be found associated with Facies E, which is interpreted to represent large-scale 

migrating dunes. The structureless, very fine- to coarse-grained sandstones of Facies G.1 are 

observed to include traces of both Ophiomorpha cf. nodosa and Ophiomorpha cf. irregulaire 

(Fig. 5.21 C). The structureless sandstones of Facies G.2 have a bioturbation index of 0-2, 

and show coarser lenses and lags of pebbles in otherwise medium-grained sandstones. These 

lenses can often be found to show tangential cross stratification. Scours can also be found in 

some of the beds. The planar parallel laminated beds normally have a grain size of fine to 

medium sand, and show a low bioturbation index (0-1). In Log 3 the migrating dunes of 

Facies E can be found associated with Facies G and F. These dunes have a bioturbation index 

of 0, and are at one location migrating towards SE. The sandstone beds of FA5 appear less 

weathered than the other facies associations in the studied succession of the Sobrarbe 

Formation, and can be found in Log 3 and 4.  
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Interpretation 

The lenses of coarser material, which are characteristic of Facies G.2, indicate that the 

depositional environment of FA5 was affected by rapid changes in energy (Hjulström, 1939). 

The pebble lags and scours also indicate high-energy events. The interpretation of a high-

energy depositional environment is supported by the long traces of Ophiomorpha cf. nodosa 

(Nagy et al., 2016), and the overall coarse grain size of FA5. The fact that Facies E and 

Facies F also can be found associated with the structureless sandstones of Facies G, supports 

the interpretation of a high-energy environment, as both Facies E and F are interpreted to 

have been deposited by a flow in the upper part of the lower flow regime (Simons et al., 

1961). The overall low degree of bioturbation might suggest that there has been periods with 

high sedimentation rate and rapid deposition, as the organisms will struggle to live in an 

environment with a high sedimentation rate (Gringras et al., 2007).   

 

The overall coarse-grained sandstones (upper fine to coarse) of FA5, in addition to the low 

degree of bioturbation and the occasional presence of large scale migrating dunes, suggests 

Figure 5.21: FA5 is on this picture composed of the structureless sandstone beds of Facies 
G.2 (A and B) and G.1 (C), in addition to the parallel planar laminated sandstones of Facies 
F (D).  
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deposition in the upper shoreface (Reineck & Singh, 1980; McCubbin, 1982; Gowland, 1996; 

Clifton, 2006) The overall grain size of FA5 is higher than in FA4, and the degree of 

bioturbation is also lower in FA5. Furthermore, FA5 show a higher number of high-energy 

sedimentary structures than FA4. Altogether, this suggests that FA5 might have been 

deposited in the upper shoreface, but in a higher-energy environment than FA4.  

 

 

Facies Association Brief Description  Component Facies Environmental 
Interpretation 

FA1 Marl interbedded with 
sharp-based sandstones 

A, B & C, occasionally 
I1 & H 

Offshore 

FA2 Highly bioturbated 
sandstones with 
accumulations of 
nummulites 

D, H Lower shoreface 
 

FA3 Thoroughly bioturbated 
sandstones occasionally 
truncated by terminal 
distributary channels 

L, I2 & occasionally D High-energy lower 
shoreface 
 

FA4 Tabular-bedded 
sandstone interbedded 
with heterolithic wavy 
bedding. Occasionally 
cross-stratified 
sandstones.  

K, J & occasionally E Upper Shoreface 
 

FA5 Structureless sandstones 
with occasional planar 
lamination and cross 
stratification  

G1, G2, F & 
occasionally E 

High-energy upper 
shoreface 
 

Table 5.2: An overview of the five facies associations that identified in the studied part of the 
Sobrarbe Formation. The facies associations are presented together with a short description, the 
component facies and an environmental interpretation for each association. 
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6 Chapter 6: Results – Log description and correlation 

 

This study aims to identify and classify some of the clinoforms (CF) and clinothems (CT) in 

the studied part of the Sobrarbe delta, and to look at differences in facies between the 

different clinothems. To be able to identify the clinoforms and their corresponding 

clinothems, a correlation between the four logs has been carried out. The four logs (Log 1-4 

in Figure 6.1), together with photographs and observations in the field, have been used to be 

able to get the best possible correlation, and to follow the clinoforms/clinothems as 

accurately as possible. Two clinothems CT1 and CT5 (Fig. 6.1) were also followed along-

section in the field to further constrain the subdivision. The four logs were all logged in the 

mountainside that consists of the Sobrarbe delta, which is exposed in a NW-SE direction 

(Fig. 6.1). The logs are located from 180 to 520 meters apart, and together cover a section 

that is approximately 900 m long.  

 

In the mountainside, that has a lateral extent of 2.5 km, it is possible to see several clinoforms 

and clinothems (Fig. 6.1). Not all the clinoforms show the same dip angle, which might 

Figure 6.1: All four logs from the studied part of the Sobrarbe delta are illustrated, and clinoforms 
and clinothems have been identified and correlated between the logs. To be able to separate the 
different clinoforms (CF) and clinothems (CT), they have been given individual names. The facies 
associations are drawn in-between the logs to illustrate how the depositional environment changes 
from log to log, and from the more proximal (SE) to the more distal (NW) part of the studied 
succession.  
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provide information about the sediment composition, relative sea level changes or basinal 

processes at the time of deposition (see Chapter 3). Topset, foreset and bottomset segments of 

some of the clinoforms can be identified in the outcrop. Even though the clinoforms show 

different dip angles, they are all dipping towards NW, indicating that the main sediment 

transport direction was towards NW (see Chapter 2). A trend that is common for all of the 

four logs is that they are getting coarser towards the top (Fig. 6.1). The lower parts of the logs 

contain mostly silt and thin-bedded very fine-grained sandstones, while towards the top, 

sandy beds with a grain size from fine to coarse dominates (Fig. 6.1). 

 

Log 1 is located in the south-eastern part of the study area, and is the most proximal of the 

four logs (Fig. 6.1). This is the longest logged section totaling 127 m. Eight clinothems and 

seven clinoforms could be identified in this log (Fig. 6.1). CT1, CT2 and the lowermost part 

of CT3, which represents the lower half of Log 1 (Fig. 6.1) is composed mostly of silt and 

very fine-grained sandstones, interpreted to have been deposited in the offshore and lower 

shoreface environment (FA1 and FA2, respectively). The upper half of the log is composed 

mostly of sandstone beds representing deposition in the lower to upper shoreface (FA2-FA4 

in Figure 6.1). CT5 and CT6 represent the shallowest successions in Log 1, and consist of 

sandstones of FA4 (Fig. 6.1). Overall, Log 1 displays an upward-shallowing and upward-

coarsening trend, as the amount of silt decreases towards the top while the amount of sand 

increases. The only exception to this shallowing upward trend is the observation of sandstone 

beds in CT7 and CT8 (the top of the log), interpreted to have been deposited in the lower 

shoreface (Fig. 6.1).  

 

Log 2 is 68 m long, and is located 200 meters NW of Log 1 (Fig. 6.1). The topmost part of 

CT1 and CT2 are the only two clinothems present in Log 2 (Fig. 6.1). These clinothems and 

the corresponding clinoforms, CF1 and CF2, can be correlated back to Log 1 (Fig. 6.1). Silt 

and thin sandstone beds dominate this succession, and most of the log is deposited in the 

offshore environment (FA1).  

 

Log 3 is located 180 meters SE of Log 4, and is 104 m long (Fig. 6.1). All the clinoforms and 

clinothems that could be identified in Log 1, except from CF1 and the corresponding CT1, 

can be correlated with the same clinoforms and clinothems in Log 3 (Fig. 6.1). The 

clinothems in the lower half of Log 3 (CT2, CT3 and CT4) are composed of FA1 or FA2 

(Fig. 6.1), while the clinoforms in the upper part consists of sandstones of FA2, FA4 and FA5 
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(Fig. 6.1). The upper part thus represents a shallower depositional environment than the 

lowermost part. Log 3 shows an overall upward-shallowing trend, but shows a period of 

deepening near the top (CT7), which was also the case for Log 1 (Fig. 6.1). The only 

clinoform that cannot be correlated between Log 1 and 3 is the clinoform marked with a 

green line at approximately 26 m in Log 3, which appears to have been truncated.  

 

Log 4 is located in the north-western part of the studied area (Fig. 6.1), 520 m NW of Log 3. 

The log represents the most distal part of the studied area, and it is 122 m long. Seven 

clinoforms and seven clinothems could be identified in this log, and they could all be 

correlated back to Log 1 and 3 (Fig. 6.1). Similar to the other three logs, the lower half of 

Log 4 is composed of silt and very fine sandstones deposited in the offshore to lower 

shoreface environment (FA1-FA2). CT3 show a thicker sequence of FA1 in Log 4 than in 

Log 1 and Log 3 (Fig 6.1). The upper half of the log consists of sandstones of FA2 to FA5, 

and the same upward-shallowing trend that could be observed in Log 1 and 3 can also be 

observed in this log. CT7, which is observed to represent a deepening in Log 1 and 3, does 

also in Log 4 represent a deepening (Fig. 6.1). Most of the clinothems that can be followed 

all the way from Log 1 down to Log 4 show a decrease in energy and grain size from Log 1 

to Log 4, and the depositional environment appears to get deeper down-dip. The only 

exception to this trend is CT6, which in Log 4 represents a higher-energy facies association 

(FA5) than in Log 3 and in Log 1 (Fig. 6.1). Overall, Log 4 represents a more distal 

depositional environment with a lower amount of sandstones than the other three logs.  

 

Four clinoforms and clinothems were chosen for further analysis to better understand the 

geometry and shape of both the clinoforms and the clinothems. These four were chosen on 

the basis of the best outcrop quality and the best sedimentary log coverage. CF1, CF2, CF4 

and CF5 are the clinoforms that with the best confidence could be followed for the longest 

distances. The sedimentary logs collected also give good sedimentological description of 

their corresponding clinothems, namely CT1, CT2, CT3/4 and CT5.   
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7 Chapter 7: Results – Sequence stratigraphy of the different 
clinothems 

 

A feature that is common for all the studied clinothems (CT1, CT2, CT3/4 and CT5) is that 

they are bounded both at the top and the bottom by marine flooding surfaces (Fig. 7.1). A 

flooding surface can be recognized by a sudden increase in water depth (Van Wagoner et al., 

1988). These surfaces are the bounding surfaces of parasequences, which can be defined as  

“a genetically related succession of beds or bedsets bounded by marine-flooding surfaces” by 

Van Wagoner et al. (1988) (see Chapter 3). As all of the clinothems are bounded by marine 

flooding surfaces, they are all interpreted to be parasequences that represents small sea level 

cycles in the overall transgressive to highstand systems tract of the Las Gorgas Composite 

Sequence (Fig. 7.2) (Dreyer et al., 1999) of the Sobrarbe Formation. The Las Gorgas CS is 

interpreted to represent sediments deposited mostly during the transgressive to highstand 

systems tract, deposited after a major basinward shift in facies that marks the boundary 

between the Las Gorgas CS and the underlying Comaron CS (see Chapter 2) (Wadsworth, 

1994; Dreyer et al., 1999). The Las Gorgas transgressive to highstand systems tract is the best 

exposed of all the systems tracts in the Sobrarbe Formation (Wadsworth, 1994). All the 

clinothems are observed to show an overall upward-coarsening trend with a flooding surface 

on top, which represents a landward shift in facies. Each of the clinothems is progressively 

Figure 7.1: CT2 (yellow), CT3/4 (red) and CT5 are illustrated together with the sedimentary logs. 
Correlation based on flooding surfaces (FS - turquoise lines) and regressive surfaces of marine erosion 
(RS - black lines) has been carried out. How each of the clinothems, and the whole clinothem system 
are observed to change upwards, is also illustrated.   
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coarser than the previous (Fig. 7.1), which results in an overall upwards-coarsening pattern 

for the whole clinothem system (Fig. 7.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

CT2 

The boundary between CT1 and CT2 is marked by the transition to a finer grain size (Fig. 

7.1), and this transition (the top of the base of Las Gorgas CS) has been interpreted by Dreyer 

et al. (1999) to represent a flooding surface. As no clear signs of this being a flooding surface 

was observed in field, the line representing this flooding event is without name in Figure 7.1 

Towards the top of the clinothem, a shoreface sandstone can be found deposited directly 

above marl of Facies A in Log 1 and 2 (Fig.7.1). This is thought to represent a basinward 

shift in facies (forced regression), and the boundary between the marl and the base of the 

sandstone is thus interpreted to represent a regressive surface of marine erosion (marked RS1 

in Figure 7.1). A truncated clinoform, with truncated mouth bar deposits, could be observed 

in the field associated with this basinward shift in facies. A regressive surface of marine 

erosion is formed during a relative sea-level fall, and can erode the underlying sediments 

deposited during transgressive and highstand systems tract (Gawthorpe et al., 2000). Toward 

the top of the sandstone in the most proximal log (Log 1), an accumulation of shell 

fragments, in addition to carbonate concretions, was observed. In their study from the 

Sobrarbe Delta, Gawthorpe et al. (2000) also found that the tops of these shoreface 

sandstones often showed accumulations of bioclasts, Thalassinoides colonization and early 

diagenetic carbonate cementation, which they interpreted to be a result of reduced sediment 

accumulation. The interpretation of this representing a forced regressive sandstone is 

Figure 7.2: A simplified illustration of how the short-term sea level fluctuations 
(creating parasequences) are superimposed on the transgressive to highstand 
systems tracts of Las Gorgas CS in the Sobrarbe formation. CT2, CT3/4 and CT5, 
where yellow is CT2, red is CT3/4 and green is CT5.  
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strengthened by observations by Wadsworth (1994), who found that the high-order sequences 

that can be found in the Las Gorgas CS are often dominated by sharp-based shoreface 

sandstones or near-shore marginal marine deposits that can represent periods of forced 

regression. At the top of the sandstones, marl-deposits can be observed (Fig. 7.1), which is 

interpreted to represent a flooding surface (FS1 in Figure 7.1) and thus a new period of 

deepening of the basin. This flooding surface (FS1) marks the boundary between CT2 and 

CT3/4 (Fig. 7.1). Overall, this clinothem shows an upward coarsening trend (Fig. 7.1).  

 

CT3/4 

The boundary between CT2 and CT3/4 is marked by a transition from sandstone to marl (Fig. 

7.1), and is, as previously described, interpreted to represent a flooding surface. CT3/4 is 

more internally complex compared to CT2. In the lower parts of the clinothem a sudden 

shallowing (basinward shift in facies) can be observed where shoreface sandstones are 

directly overlying what is thought to represent marl of Facies A (at 70-80 m in Log 1). This 

transition is interpreted to represent a regressive surface (RS2 in Figure 7.1), developed as a 

result of lowering of the relative sea level. This interpretation is further strengthened by the 

observation of a truncated clinoform at this level (at 26 m in Log 3, see Chapter 6, Figure 

7.1), where one clinoform is observed to have been truncated right below what is interpreted 

to be a regressive surface. The formation of a regressive surface can also explain why the 

sandy deposits in the proximal parts of the clinothem are thinner than the deposits in the 

distal parts of the clinothem, as lowering of the relative sea level can have led to more 

erosion (probably by wave and current action, as no subaerial exposure could be observed) or 

bypass in the proximal parts while the marls have been preserved in the distal part. The 

higher amount of marl in the distal part might also be a result of “shaling out” of shoreface 

sandstones, as suggested by Gawthorpe et al. (2000).  

 

Following this relative sea level fall, signs of a new relative sea level rise can be observed, 

resulting in the deposition of an upward-fining sequence with a marine flooding surface on 

top (FS2 in Figure 7.1). This flooding surface is not equally distinct in all of the logs, but can 

be observed in both Log 1 and Log 4 but not in Log 3. The sequence of marl is also observed 

to be thicker in the most distal log (Fig. 7.1). This is interpreted to be a result of erosion in the 

more proximal parts (most likely from currents or waves) and possibly bypass of sediments 

during relative sea level fall, whereas the erosion has not affected the marl deposits. The 

higher rate of creation of accommodation (as will be discussed further in Chapter 9) is also 
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thought to have contributed to the difference in thickness between the topset and foreset 

segments. Overlying this marl sequence, shoreface sandstones can be observed. These 

sandstones are interpreted to represent a basinward shift of facies possibly as a result of a 

period with stable sea level, allowing the sedimentation rate to outpace the rate of creation of 

accommodation (as will be discussed further in Chapter 9). Like the top of CT2, the top of 

CT3/4 is also capped by marl, which is interpreted to represent a marine flooding surface 

(FS3 in Figure 7.1) indication a deepening of the basin. Overall, this clinothem shows an 

upward-coarsening sequence, composed of coarser-grained sandstones than the underlying 

CT2 (Fig. 7.1).  

 

CT5 

The boundary between CT3/4 and CT5 is also represented by what is interpreted to be a 

marine flooding surface (Fig. 7.1). The sequence that consists of marl is observed to be 

thicker in the distal part of the clinothem (Fig. 7.1), which is interpreted to represent a 

“shaling-out” of the shoreface sandstones in a basinward direction. As for the other 

clinothems, a flooding surface, representing a deepening of the basin, can be observed at the 

top of the clinothem (FS4 in Figure 7.1). Overall, this clinothem shows an upward coarsening 

trend, and it is composed of coarser-grained deposits than CT1, CT2 and CT3/4. The 

observation that the clinothems are getting progressively coarser towards the top is 

interpreted to be a result of progradation of the delta and the overall shallowing of the basin. 

This interpretation is supported by the interpretation by several authors (e.g. Wadsworth 

(1994), Dreyer et al. (1999) and Gawthorpe et al. (2000)) that the Las Gorgas CS is deposited 

in a transgressive to highstand systems tract.  

 

It is not clear if the regressive surfaces that can be observed are a result of regional or global 

sea level falls, or if they are created as a result of local tectonic uplift (Gawthorpe et al., 

2000). According to Dreyer et al. (1999) the mechanism behind the deposition of regressive 

sandstones and marls, can be a combination of incremental tilting/uplift of the basin floor, in 

addition to the basin being affected to a high degree by tectonic subsidence. 
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8 Chapter 8: Results – Clinoforms and clinothems 
 

The subdivision of clinoforms into different geometries (linear, exponential and sigmoidal) 

based on the mathematical division by Adams and Schlager (2000) has been used to classify 

the different slope geometries of the four studied clinoforms in the Sobrarbe deltaic 

succession (Fig. 8.1). In addition to this geometric classification, several other geometric and 

architectural parameters such as topset angle, inflection foreset angle, topset thickness and 

foreset thickness have been calculated (Table 8.1 and Table 8.2). The four logs (See Chapter 

6) have been used to look at the facies in the different clinothems. Two types of clinothems 

have been identified, based on the clinothem subdivision of Anell and Midtkandal (2015). 

The geometric parameters that have been measured are illustrated in Figure 4.3 (Chapter 4). 

Table 8.1 and Table 8.2 display the summary of the clinoform and clinothem analyses based 

on clinoform shape and geometric properties.  

 

8.1  Clinoform 1 (CF1) – Clinothem 1 (CT1)  
CF1 

CT1 is the oldest studied unit. It is bounded at the top by CF1 (Fig 8.1), which is best 

delineated by a Gaussian distribution function (sigmoidal shape see Chapter 3). The slope is 

therefore classified as a sigmoidal curve (Fig. 8.2). The points of maximum curvature have 

been calculated, and are illustrated by green stars in Figure 8.2. The topset of CF1 has an 

angle of 0.89°, which is the steepest of the topset angles measured for all of the clinoforms 

(Table 8.1). There is a possibility that not the whole topset segment of the clinoform can be 

observed on the picture. A measurement of the topset was therefore done on the most 

proximal part (SE) of the clinothem, and the angle was in this part measured to be 0.23° 

(Table 8.1). This measurement is closer to what is normal for the foreset segment of a 

Figure 8.1: A panorama picture of the studied part of the Sobrarbe Formation showing the clinoforms 
and clinothems that have been studied. The clinoforms and the underlying clinothem body are both 
denoted by numbers, and are shown in different colours (i.e. blue shows Clinoform 1 (CF1) and 
Clinothem 1 (CT1)). 
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clinoform (e.g. Steel and Olsen (2002); Johannessen and Steel (2005); Anell and Midtkandal 

(2015)), but as the system is affected by tectonic activity during the development (see 

Chapter 2), it is possible that the clinoforms have been tilted (see Chapter 9). Therefore the 

value of 0,89° is considered to be correct, and affected measurements are corrected (see 

Table 8.1). The corrected measurements for the affected clinoforms (CF1 and CF2) are used 

throughout the thesis.  

 

The upper part of the foreset slope (FoA1 in Figure 4.3), between the inflection point and the 

upper rollover point, is slightly steeper than the lower part between the inflection point and 

the lower rollover point (FoA2 in Figure 4.3) (Table 8.1). The inflection foreset angle of CF1 

is 3.94°, and the average foreset angle is 3.38° (Table 8.1). The foreset height (Fh in Figure 

4.3) of CF1 is 74.6 m, which is the highest foreset height-value of the studied clinoforms 

(Table 8.1). The foreset down-dip extent (Fd in Figure 4.3) of CF1 also shows the highest 

value of the measured clinoforms, 1250 m (Table 8.1). The foreset height/foreset down-dip 

extent ratio for CF1 is 0.060 (Table 8.1). 

 

Neither the topset-to-foreset nor the foreset-to-bottomset rollover of CF1 was studied in the 

field, but has been studied in Figure 8.1 and Figure 8.2. From these figures it is determined 

that the topset-to-foreset rollover is rounded.  

Figure 8.2: The measured values of CF1 are plotted together with the curve representing the best 
fit, for both the topset (the straight line) and the foreset slope (the sigmoid curve). Upper- and 
lower rollover points and the inflection point are plotted as green and red stars, respectively. The 
equation is the one that describes the slope curvature (sigmoidal) the best. 
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CT1 

 

Only the upper part of CT1 has been logged (Fig. 8.3), which makes the log coverage of this 

clinothem limited and the lower boundary undefined. As the lower boundary of the clinothem 

is unknown, it is not possible to calculate the topset and foreset thickness and the 

topset/foreset-ratio.  

 

The top of CT1 consists of the fine-grained sandstones of Facies C (Fig. 8.3), which is 

interpreted to have been deposited by debris flows in the offshore environment (see Chapter 

5). Little basinward change in facies can be observed, and the only lateral change is that the 

sandstone beds gets thinner towards the basin, from 1 m in the more proximal Log 1 to 0.75 

m in the more distal Log 2 (Fig. 8.3). Below the clearly defined sandstones of Facies C, 

Facies A dominate, interbedded with the thin sandstone beds of Facies B. The lower part of 

the clinothem cannot be described in detail, as this part was not logged. The photo-profile 

suggests that this section includes mostly Facies A interbedded with Facies B. CT1 is thus 

characterized by debris flow deposits in the upper part, overlying marl and thin-bedded 

sandstones deposited from suspension settling and occasional turbidite currents in the low-

energy offshore environment.  

 

 

Figure 8.3: The outline of CT1 (in blue) together with the corresponding parts of Log 1 and Log 
2 (from left to right). Color bars next to the logs represent the different facies (see legend). The 
blue line represents CF1. The height of the logs and the height of the graph cannot be correlated 
directly, as the measurements of the clinoforms are preformed on a picture whereas the length of 
the logs was measured in field. 
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8.2  Clinoform 2 (CF2) – Clinothem 2 (CT2)  
CF2 

CF2 is like CF1 also best delineated by a Gaussian distribution function, and is classified as a 

sigmoidal clinoform (Fig. 8.4). The location of both the topset-to-foreset and foreset-to-

bottomset rollover points was calculated, and these points are represented by green stars in 

Figure 8.4. CF2 has a topset angle of 0.23 (Table 8.1). The inflection foreset angle of CF2 is 

measured to be 5.02°, which is the steepest of the four studied clinoforms (Table 8.1). The 

average foreset angle is 4.44°. The segments between the inflection point and the topset-to-

foreset rollover (FoA1) and between the inflection point and the foreset-to-bottomset (FoA2) 

are more or less equally steep (Table 8.1). The foreset height of CF2 is 57.0 m, which is less 

than CF1 (Table 8.1). The foreset down-dip extent (Fd) is calculated to be 729.3 m, which is 

520.7 m shorter than for CF1 (Table 8.1). The foreset height/foreset down-dip extent ratio for 

CF2 is 0.078 (Table 8.1). 

 

The topset-to-foreset rollover of CF2 could be mapped out in field, and has also been studied 

in Figure 8.1 and Figure 8.4. The rollover is not noticeably distinct, but appears to be more 

distinct than the topset-to-foreset rollover of CF1. The foreset-to-bottomset rollover could not 

be identified in field, but has been studied in Figure 8.1 and Figure 8.4. This rollover does not 

appear as prominent as the topset-to-foreset rollover (Fig. 8.4). CF1 and CF2 show much of 

the same geometry, with rounded topset-to-foreset rollover segments and a close to sigmoidal 

geometry. 

Figure 8.4: The measured values of CF2 are plotted together with the curve representing the best 
fit, for both the topset (the straight line) and the foreset slope (the sigmoid curve). Upper- and 
lower rollover points and the inflection point are plotted as green and red stars, respectively. The 
equation is the one that describes the slope curvature (sigmoidal) the best. 
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CT2 

 

 

 

 

 

 

CT2 (Fig. 8.5) can be classified as symmetrical sigmoidal after the subdivision by Anell and 

Midtkandal (2015), and based on the observation that the distribution of sediments is 

Figure 8.5: The outline of CT2 (in yellow) together with the corresponding parts of Log 1-4 
(from left to right). Colour bars next to the logs represent the different facies (see legend). CT2 
can be classified as a sigmoidal symmetric clinothem based on the shape. The blue and yellow 
lines are representing CF1 (blue) and CF2 (yellow). The height of the logs and the height of the 
graph cannot be correlated directly, as the measurements of the clinoforms are preformed on a 
picture whereas the length of the logs was measured in field. The stronger yellow field marks 
the most sandy part of the clinothem from proximal to distal. 
	

Figure 8.6: An illustration of how the sediment is distributed in the 
different segments of each of the clinothems. It can clearly be observed 
that CT3/4 has a higher distribution of sediment in the foreset segment 
(relative to the topset) than both CT2 and CT5. The different colors of 
the lines represent each of the clinothems (see legend). The transition 
between the topset- and foreset segment is illustrated, in addition to the 
position of the inflection point of CT2 and CT5. 
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relatively symmetric (Fig. 8.6). Both the curvature of the slope and the sediment distribution 

therefore suggests that CT2 is sigmoidal symmetric. The topset thickness and the maximum 

foreset thickness is calculated to be 35.6 m and 68.5 m, respectively, while the average 

foreset thickness is 62.1 m (Table 8.2). The topset/foreset-ratio is estimated to be 0.57, which 

is the second highest ratio (after CT5) (Table 8.2).  

 

In CT2 two upward-coarsening units can be observed in the most proximal logs (Log 1 and 

Log 2, Fig. 8.5). In the most proximal part (Log 1) CT2 consists of marl of Facies A 

interbedded with sandstone beds of Facies B and turbidite channel sandstones of Facies I1 in 

the lowermost part, and thoroughly bioturbated sandstone beds of Facies D towards the top 

(Fig. 8.5). Down-dip (Log 2) the facies composition does not change noticeably, except that 

the topmost part of the clinothem, which in Log 1 contained Facies D, could not be logged. In 

Log 3, only the topmost 5 meters of the clinothem was logged, and these meters consisted of 

Facies A and Facies D (Fig. 8.5). In Log 4 the top 20 m of the clinoform was logged, and this 

part consisted of Facies A interbedded with Facies B in the lowermost 16 m, and Facies D in 

the topmost 4 m (Fig. 8.5). This clinothem is thus mostly dominated by silt of Facies A, in 

addition to some beds of very fine sand of Facies B and channel sandstones of Facies I1, and 

Facies D towards the top.  

 

Overall, the clinothem shows a shallowing trend towards the top (Fig. 8.5). The lowermost 

part dominated by FA1 represents deposition from suspension interbedded with turbidite 

sandstones (or other mass transport deposits of Facies B), whereas the upper part, dominated 

by FA2, is characterized by deposits from a more shallow marine setting with higher energy 

conditions (possibly wave action during storms). The top of the clinothem is characterized by 

a shift in facies association from FA2 to an area with poor exposure that is assumed to 

represent FA1 (marked with x on Log 1 in Figure 8.5) and thus a flooding surface (see 

Chapter 7). Compared to the facies that could be observed in CT1, the facies and facies 

associations in CT2 are thought to represent a slightly shallower depositional environment, as 

very fine sandstone beds of the lower shoreface (FA2) are present. A possible increase in 

wave activity is therefore possible in the deposits of CT2 compared to CT1. The trajectory 

angle of CT2 is calculated to be 6,05° (Table 8.2), and the trajectory can be classified 

according to the definitions by Helland-Hansen and Martinsen (1996) as an ascending 

regressive trajectory (Fig 8.7). The rollover advance of CT2 is 380 m, which is the highest 

value of the clinothems with an ascending regressive trajectory (Table 8.2). 



University of Oslo                                                                                                                            Olsen, 2017 
	

	 83 

 

 

 

 

 

 

 

 

 

 

8.3  Clinoform 4 (CF4) – Clinothem 3/4 (CT3/4) 
CT3/4 consists of two units, together forming an overall coarsening upward sequence, but 

including a fining upward interval. The composite unit is complex in that the boundary 

between the two units (CF3 in Figure 6.1) is only partially traceable, and was therefore 

difficult to follow in the field and on the photo-profile. CF4, which is interpreted to be 

associated with a marine flooding surface (Chapter 7), can be traced across the whole study 

area and is therefore defined as the top of CT3/4. 

 

CF4 

CF4 is markedly different from CF1 and CF2 as it shows a completely different geometry, 

and the foreset is best characterized by a linear equation (Fig. 8.8). The topset angle is 

calculated to be 0.23° (Table 8.1), and is therefore not corrected for any tectonic tilt. Unlike 

the other three studied clinoforms which all display two rollover points, CF4 only displays 

the topset-to-foreset rollover point (Fig. 8.8). This is likely because the foreset-bottomset 

transition for this clinoform occurs beyond the study area. Due to the geometry of CF4, the 

only angle on the foreset that can be calculated is the inflection foreset angle, which is 1.87° 

(Table 8.1). This angle is less steep than the inflection foreset angles of both CF1 and CF2 

(Table 8.1). As CF4 does not display two rollover points, neither the foreset height (Fh) nor 

the foreset down-dip extent can be calculated for this clinoform.  

 

The topset-to-foreset rollover was not studied in field, but has been studied in Figure 8.1 and 

Figure 8.8. As the slope geometry of CF4 is clearly different from the slopes of the other 

Figure 8.7: The blue line represents CF1 and the yellow line CF2. The 
black arrow represents the trajectory of CT2. The trajectory can be 
classified as ascending regressive. 
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clinoforms (which all show a sigmoidal slope), the rollover point is also different. The 

rollover point of CF4 appears to be sharper than the rollover points of CF1 and CF2, even 

though the foreset angle is the least steep of the three. 

 

 

CT3/ 

 

 

 

 

 

Figure 8.9: The outline of CT3/4 (in red) together with the corresponding parts of Log 1, 3 and 4 
(from left to right). Colour bars next to the logs represent the different facies (see legend). CT3/4 
can be classified as a bottom heavy clinothem based on its shape. The yellow and red lines are 
representing CF2 and CF4. The height of the logs and the height of the graph cannot be correlated 
directly, as the measurements of the clinoforms are preformed on a picture whereas the length of 
the logs was measured in field. The yellow field marks sandstone distribution from the proximal to 
the distal part of the clinothem. 

Figure 8.8: The measured values of CF4 are plotted together with the curve representing the 
best fit, for both the topset (the upper straight line) and the linear slope. The topset-to-foreset 
rollover point is plotted as green star. The equation is the one that describes the slope curvature 
(linear) the best. 
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CT3/4 can best be classified as asymmetric bottom-heavy after the subdivision by Anell and 

Midtkandal (2015) on account of the asymmetric distribution of the sediment (Fig. 8.6). This 

classification, however, is not completely in line with Anell and Midtkandal (2015), who 

generally observed sigmoidal slope curvatures in association with bottom-heavy asymmetric 

clinothems. The clinothem is therefore classified as linear asymmetric bottom-heavy. CT3/4 

has a topset thickness of 18.1 m and a maximum foreset thickness of 59.4 m, while the 

average foreset thickness is calculated to be 34.8 m (Table 8.2). The topset/foreset-ratio is 

0.52, which is the lowest value calculated for all of the studied clinothems (Table 8.2).  

 

In CT3/4 the lowermost part of the logs through the foreset segment (Log 3 and 4) show one 

or two upward-coarsening units, followed by an upward-fining unit in Log 3 (Fig. 8.9). This 

upward-fining unit can also be observed in Log 1 (Fig. 8.9). The upward-coarsening units 

cannot be observed in the topset-segment of the clinothem (Log 1), and a truncated clinoform 

could also be observed in this area (see Chapter 6 and 7). These units are therefore thought to 

have been eroded in the topset-section, or were not deposited in this segment of the clinothem 

(Fig. 8.9). In the most proximal part (Log 1) the clinothem is composed of sandstone beds of 

Facies H and D of FA2 followed by Facies L and I.2 of FA3 (Fig. 8.9). The lowermost parts 

of the clinothem was not logged at this location, but is assumed to consist of Facies A 

covered with vegetation. The deposits in the topset segment of the clinoform are thus thought 

to have been deposited in a lower shoreface setting (FA2 and FA3), and can occasionally 

have been affected by storms. Further down-dip (towards Log 3), FA3 changes into FA2, 

while FA2 continues basinward. In this part of the clinothem, the lower part consists of 

approximately 15 m of (what is thought to be) FA1, which could not be observed in the more 

proximal log. Only the top 10 m of Log 4 consists of FA2 while the rest is composed of silt 

and thin sandstone beds (with and without nummulites) of FA1 (Fig. 8.9).  

 

The overall trend of CT3/4 is that it gets thicker and the deposits get progressively finer 

down-dip, from very fine to fine sand in the most proximal part to mostly silt and very fine 

sand in the distal part (Fig. 8.9). CT3/4 consists of an overall higher grain size than both CT1 

and CT2. Compared to both CT1 and CT2, CT3/4 is composed of facies that represent a 

shallower depositional environment. In addition to be composed of the same facies that are 

present in both CT1 and CT2, CT3/4 is composed of shallower facies in the most proximal 

log. CT3/4 also shows a more distinct lateral facies change from the proximal logs to the 

distal logs than CT2, which does not show a clear facies change down-dip. The trajectory 
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angle of CT3/4 is calculated to be 152,32° (Table 8.2), and the trajectory can be classified 

according to the definitions by Helland-Hansen and Martinsen (1996) as an ascending 

transgressive trajectory (Fig 8.10). As the trajectory is ascending transgressive, the rollover 

advance for CT3/4 is -40 m (and thus a rollover retreat) (Table 8.2). CT3/4 is the only one of 

the studied clinothems that displays a back-stepping rollover and a transgressive trajectory 

(Table 8.2). 

 

 

 

 

 

 

 

 

 

 

 

8.4  Clinoform 5 (CF5) – Clinothem 5 (CT5)  
CF5 

CF5 is best delineated by a Gaussian distribution curve, and can therefore be classified as a 

sigmoidal clinoform (Fig. 8.11). The most proximal parts of the topset of CF5 appear to dip 

backward, away from the basin. This is most likely a feature that occurs because of the 

projection from picture to data values, as no clear signs of erosion or incision were observed 

in field. This part of the topset is therefore not used further in the results or the discussion but 

estimated to be parallel to CF4 (estimated topset in Figure 8.11). Two rollover points can be 

calculated for CF5, and these are marked in Figure 8.11 as green stars. The topset angle is for 

the estimated topset calculated to be 0.23° (Table 8.1). The inflection foreset angle of CF5 is 

1.57°, which is the lowest inflection foreset angle of the studied clinoforms (Table 8.1). The 

average foreset angle is 1.52° (Table 8.1), and the lower part of the foreset slope (FoA2), 

which is the least sandy segment, is less steep than the upper part (FoA1), which is more 

sandy (Table 8.1). This is thus the clinothem that shows the highest FoA1/FoA2 ratio (Table 

8.1). The foreset height (Fh) of CF5 is calculated to be 19.9 m (Table 8.1), which is the 

lowest of the studied clinoforms. CF5 has a foreset down-dip extent (Fd) of 683.0 m, which is 

Figure 8.10: The blue line represents CF1, the yellow line CF2 and the 
red line CF4. The black arrow represents the trajectory of CT3/4. The 
trajectory can be classified as ascending transgressive. 
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also the shortest of the studied clinoforms (Table 8.1). The foreset height/foreset down-dip 

extent ratio for CF5 is 0.029 (Table 8.1). 

	

Neither the topset-to-foreset nor the foreset-to-bottomset rollover of CF5 was studied in field, 

but have been studied in Figure 8.1 and Figure 8.11. The topset-to-foreset rollover looks 

moderately rounded, but because the topset of this clinoform is difficult to define, the 

location of this rollover point is slightly unsure. The foreset-to-bottomset rollover point 

appears to be less sharp than the topset-to-foreset rollover point. The rollover points of CF5 

are similar to the rollover points of CF1 and CF2, and these three clinoforms show overall the 

same geometry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

CT5 

CT5 can be classified as symmetrical sigmoidal after the subdivision by Anell and 

Midtkandal (2015). The topset thickness of CT5 is calculated to be 10.2 m, while the 

maximum foreset thickness is calculated to be 13.8 m (Table 8.2). The average foreset 

thickness is calculated to be 12.8 m. The small difference in thickness between the topset and 

the foreset is reflected in the topset/foreset-ratio, which for CT5 is calculated to be 0.79 

(Table 8.2). This is the highest topset/foreset-ratio of all the studied clinothems (Table 8.2).  

 

Figure 8.11: The measured values of CF5 are plotted together with the curve representing the 
best fit, for both the topset (the straight line) and the foreset slope (the sigmoid curve). Upper- 
and lower rollover points and the inflection point are plotted as green and red stars, 
respectively. The equation is the one that describes the slope curvature (sigmoidal) the best. 
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In the topset segment of the clinothem two upward-coarsening sequences can be observed, 

while only one upward-coarsening unit can be observed in the foreset segment (Fig. 8.12). 

CT5 is in the most proximal part (Log 1) composed of the tabular-bedded thoroughly 

bioturbated sandstones of Facies K and the wavy bedded sandstones of Facies J (Fig. 8.12), 

which are interpreted to be parts of the upper shoreface (FA4) (Chapter 5). The grain size of 

FA4 in this part of the clinothem is between fine and medium sand. FA4 continues further 

basinward down to Log 3. This part of the clinothem is composed of the sandstone beds of 

Facies E, followed by Facies K (Fig. 8.12). The lowermost parts of the log at this location 

could not be logged because the outcrop was poor, but is assumed to be Facies A. The grain 

size is not observed to change significantly from Log 1 to Log 3. Further basinward (Log 4) 

the clinothem is composed of FA2, and the grain size is very fine sand (Fig. 8.12). The 

overall grain size of CT5 ranges from very fine to medium sand, and the proximal, shallower 

parts are assumed to be more influenced by wave activity and variable energy conditions 

(upper shoreface) than the lowermost deeper parts (lower shoreface). This clinothem is 

composed of facies and corresponding facies associations that represent a shallower 

depositional environment than all of the other studies clinothems. CT5 is also composed of 

the coarsest grain sizes of the four clinothems. The down-dip change of facies is more 

distinct in CT5, which was also the case in CT3/4, than in CT1 and CT2.  

 

Figure 8.12: The outline of CT5 (in green) together with the corresponding parts of Log 1, 3 
and 4 (from left to right). Colour bars next to the logs represent the different facies (see legend). 
CT5 can be classified as a symmetrical sigmoidal clinothem based on its shape. The red and 
green lines are representing CF4 and CF5. The height of the logs and the height on the graph 
cannot be correlated directly, as the measurements of the clinoforms are preformed on a picture 
whereas the length of the logs was measured in field. The yellow field marks sandstone 
distribution from the proximal to the distal part of the clinothem. 
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The trajectory angle of CF5 is calculated to be 4.02°, which is the lowest of the calculated 

trajectory angles (Table 8.2). The trajectory can be classified according to the definitions by 

Helland-Hansen and Martinsen (1996) as an ascending regressive trajectory (Fig 8.13). The 

rollover advance of CT5 is 120 m. This value is lower than the rollover advance of CT2, 

which also show an ascending regressive trajectory (Table 8.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.13: The blue line represents CF1, the yellow line CF2, the 
red line CF4 and the green line CF5. The black arrow represents the 
trajectory of CT5. The trajectory can be classified as ascending 
regressive. 

Table 8.1: Summary of the parameters calculated for Clinoform 1, 2, 4 and 5. Values for the topset 
angle (Ta), inflection foreset angle (IFa), Foreset angle 1 (FoA1) and 2 (FoA2), FoA1/FoA2, 
average foreset angle, foreset height (Fh), foreset down-dip extent (Fd) and foreset height/foreset 
down-dip ratio is presented. The corrected measurements are written in parentheses, and are the 
values used throughout the thesis. 
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8.5  Observed trends  
Although the number of clinothems possible to study in detail is too low to make unequivocal 

conclusions about the trends it is possible to observe and discuss several important 

indications in the data: 

• Four clinothems bounded by clinoform surfaces are delineated. Three clinoforms have 

slopes with sigmoidal curvatures and one is best described by a linear equation.  

• The sigmoidal symmetric clinothems (CT2 and CT5) are characterized by similar 

ascending regressive trajectories and both show a high topset/foreset-ratio, i.e. a 

greater proportion of sediment distribution in the topset area than CT3/4, however, 

they show a great variance in the other parameters. The youngest clinothem (CT5) is 

composed of mostly sandstones, whereas CT2 is composed mostly of silt and very 

fine sand. The two sigmoidal symmetric clinothems also both show a positive rollover 

advance, compared to the negative value that can be calculated for the linear 

asymmetric clinothem (CT3/4). 

• The highest (transgressive) trajectory is observed in CT3/4 bounded by a linear form, 

and this is the clinothem that shows the lowest calculated topset/foreset-ratio. CT3/4 

is also the only clinothem that shows both upward-coarsening and upward-fining 

sequences.  

Table 8.2: Summary of the parameters calculated for Clinothem 1, 2, 3/4 and 5. The parameters 
representing lengths and heights are in meters. The different parameters are topset thickness, 
maximum foreset thickness, average foreset thickness, topset/foreset-ratio, trajectory angle, 
trajectory and rollover advance. The corrected measurements are written in parentheses, and are the 
values used throughout the thesis. 
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• The FoA1/FoA2 ratio is highest for the youngest clinoform (CF5), and second highest 

for the oldest clinoform (CF1). This means that for CF1 and CF5, the topmost part of 

the foreset segment is steeper than the lowermost part. For the other two clinoforms 

(CF2 and CF4), there is no, or close to no, difference between these two parts of the 

foreset segment. For CF5 the difference between the two segments is the highest, 

which indicates that the upper, sandier part, is steeper than the lower, less sandy part. 

• The clinoform with the shortest down-dip extent (CF5) bounds the clinothem that 

shows the highest grain size of the four clinothems (CT5). This clinothem is also 

characterized by the gentlest foreset slope and highest topset/foreset-ratio indicating a 

more even sediment distribution.  

• CT1 (the upper part) and CT2 are the two muddiest clinothems observed. They are 

characterized by the steepest foreset slopes, and being proportionally longer and 

higher than the sandier units above (CT3/4 and CT5). The topset/foreset-ratio of CT2 

is also lower compared to the younger CT5, which indicates that there are bigger 

differences between the topset and foreset segments in CT2 than in CT5.  

• It appears that the clinothems with the lowest topset/foreset-ratio display the steepest 

foreset angles. Both CT2 and CT3/4 show lower topset/foreset-ratios and steeper 

foreset angles than CT5. This might indicate that the studied clinothems with a higher 

proportion of sediments in the foreset segment (relative to the topset) tend to be 

steeper.  

• Overall, the sigmoidal clinothems have a higher topset/foreset-ratio, ascending 

regressive trajectories with lower trajectory angles than the asymmetric bottom-heavy 

clinothem, and they also show a positive shelf edge advance compared to CT3/4. 

When looking at the internal characteristics of the sigmoidal versus the linear 

clinothems, erosion, which has resulted in a proportional increase in sediment in the 

foreset segment of the clinothem, can only be observed in the linear clinothem 

(CT3/4) in the lowermost part.  

• Both the clinoform height and the clinoform down-dip extent are observed to decrease 

towards the top of the system. In general the foreset dip also decreases up-section. 

• Overall, the clinothem/clinoform system shows an upward-coarsening, upward-

cleaning and upward-shallowing trend. The lowermost clinothems are dominated by 

silt and very fine sand, whereas the upper clinothems are composed of very fine to 
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medium sand. Both the grain size and the facies association are observed to get 

coarser and shallower towards the top of the clinoform/clinothem system. 
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9 Chapter 9: Discussion 
 

9.1  Scale of delta development 
According to Helland-Hansen and Hampson (2009) and Patruno et al. (2015a) the height of 

clinoforms can give an indication of the scale of delta development. The height of the studied 

clinoforms varies greatly, where the highest foreset height was measured to be 74.6 m for 

CF1 and the lowest 19.9 m for CF5. According to Patruno et al. (2015a), the height of the 

foreset of delta-scale clinoforms does normally not exceed 60 m, and the total height of the 

clinoforms does normally not exceed 100 m. The height of CF1 is therefore, according to the 

definition by Patruno et al. (2015a), slightly too high to be classified as a delta-scale 

clinoform and slightly lower than what is normal for shelf-prism clinoforms, which are 

normally between 100-500 m. CF2 and CF5, on the other hand, are only 57 m and 19.9 m 

respectively, and could therefore possibly be classified as delta-scale clinoforms when 

considering their height.  

 

The angle of the foreset segment of different types of clinoforms varies greatly (see Chapter 

3), and can, depending on the composition (grain size), vary from 0.02° in fine grained deltas 

to 32° in coarse-grained (gravelly) deltas (Orton & Reading, 1993; Howell et al., 2008; 

Helland-Hansen & Hampson, 2009). Patruno et al. (2015a) suggested that average foreset 

angles for delta scale clinoforms are 0.1-2.7° for sandy subaerial deltas and 0,03-1.5° for both 

subaerial and subaqueous muddy delta clinoforms. Even though Gilbert deltas (coarse-

grained deltas) can display distinctly higher foreset angle values, these are considered to be 

exceptions to the average trend for subaerial deltas by Patruno et al. (2015a). The delta-scale 

sand-prone subaqueous clinoforms, however, display foreset angles from 0.7-23°, and can 

therefore be distinctly steeper than both the subaqueous mud-prone clinoforms and the 

subaerial clinoforms (Patruno et al., 2015a). The average foreset angles for CF1 and CF2 are 

3.38° and 4.44° respectively (which are the minimum angles, as the compaction has not been 

considered), and they are therefore, according to the classification by Patruno et al. (2015a), 

too steep to be classified as subaerial- or mud-prone delta-scale clinoforms. The foreset 

angles of CF1 and CF2 are more similar to foreset-angles of shelf-prism clinoforms (which 

are between 0.9-9.8°) and sand-prone delta-scale subaqueous clinoforms (Patruno et al., 

2015a). This is illustrated in Figure 9.1, which shows different clinoform systems from delta-

scale clinoforms to clinoforms on the size of continental margins studied by Patruno et al. 
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(2015a). In Figure 9.1 CF1 plots in-between delta-scale and shelf-prism clinoforms, in both 

the plot showing foreset height versus foreset down-dip extent (Fig. 9.1.A) and the plot 

showing foreset height versus inflection zone slope (Fig. 9.1.B), whereas CF2 plots close to 

sand-prone subaqueous delta-scale clinoforms in both plots (Fig 9.1). CF5, however, plots 

close to sand-prone subaqueous delta-scale clinoforms in the plot showing foreset height and 

foreset down-dip extent (Fig. 9.1.A), and closer to Quaternary muddy subaqueous 

clinoforms, Quaternary subaerial delta and shoreline clinoforms and sand-prone Miocene to 

resent sand-prone subaqueous delta clinoforms in the plot showing inflection slope versus 

foreset height (Fig. 9.1.B). 

 

 

An explanation to the observation that some of the clinoforms are higher and steeper than 

what is normal for delta scale clinoforms might be related to the configuration of the Ainsa 

Basin. The clinoforms building out from the basin margin would have built up the shelf as 

shelf-prism clinoforms. However, as the basin is so small (only 25 km wide and 40 km long 

(see Chapter 2)), in addition to being a tectonically active basin, the shelf prism clinoforms 

might have developed on a scale more similar to what, according to Patruno et al. (2015a), is 

normal for deltas than for shelf-prism clinoforms. This can also explain why the clinoforms 

show heights and foreset angles in-between delta-scale and shelf-prism clinoforms.  

 

Figure 9.1: Plots of clinoform morphological parameters from the study by Patruno et al. (2015a). 
Clinoforms from delta-scale to continental margin-scale are represented. The three sigmoidal 
clinoforms from this study is also plotted, shown by a blue (CF1), yellow (CF2) and a green (CF5) 
star. 
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The topsets of the studied clinoforms all show marine conditions and no signs of subaerial 

exposure, which according to Patruno et al. (2015a; 2015b) indicate that the clinoforms can 

be classified as subaqueous clinoforms. The definition of a subaqueous clinoform is that the 

topset is subaqueous, and preferably dominated by high energy resulting in sediment bypass 

across the topset to the foreset segment (Cattaneo et al., 2003; Swenson et al., 2005; Patruno 

et al., 2015a). When comparing the studied clinoforms (only the sigmoidal clinoforms (CF1, 

CF2 and CF5 as the lower-rollover could not be calculated for CF4) with the clinoforms in 

the study by Patruno et al. (2015a) (Fig. 9.1), CF1 and CF2 can be found to show many 

similarities to sand-prone delta-scale subaqueous clinoforms. The foreset angles of the 

studied clinoforms in the Sobrarbe Formation show foreset angles closer to those of sand-

prone subaqueous clinoforms, rather than those that are mud-prone. The observation that CF1 

and CF2 both show angles and sizes (foreset height and foreset down-dip extent) more 

similar to sand-prone subaqueous delta-scale clinoforms but are muddy could also possibly 

be explained by the interpretation that the clinoforms are classified as (subaqueous) shelf-

prism clinoforms on a scale between shelf-prisms and deltas. 

 

CT5 is the coarsest of the clinothems, and the bounding clinoform (CF5) shows 

characteristics more similar to sand-prone delta-scale clinoforms than shelf prism clinoforms, 

including the foreset length, which according to Patruno et al. (2015a) is between 73 and 

2570 m for sand-prone subaqueous delta-scale clinoforms, and foreset height, which is 

normally 12-45 m (Fig. 9.1) (Patruno et al., 2015a). The topset of CF5 is subaqueous, which 

is also the case for CF1, CF2 and CF4, but CF5 is sand-prone, which makes it different from 

the other three. CF5/CT5 might therefore be interpreted to represent a sand-prone subaqueous 

clinoform with a foreset angle within the lower ranges of what is normal for this type of 

clinoform (Patruno et al., 2015a). This might be a result of the available space in the basin, 

which at the time of deposition of CF5/CT5 is interpreted to have been so shallow that high 

and steep clinoforms could not be formed (as will be discussed further later in the 

discussion). CT5 might represent a sand-prone subaqueous delta scale clinoform/clinothem, 

resulting from the basin shallowing inhibiting the previous shelf-prism scale system from 

further development. As such, the differences seen in CT5, such as sand content, 

environment, scale (both vertical and horizontal) and foreset angle, might represent 

fundamental differences in clinoform development on different scales (Fig. 9.2). The 

subaerial delta system must still be located further south than the study area, as the transition 

from subaerial to subaqueous could not be observed in the field (Fig. 9.2). 
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The fact that subaqueous clinoforms (and compound clinoform systems) are normally 

observed to be formed in high-energy marine settings, and according to Swenson et al. (2005)  

are inhibited from forming in settings with low energy, does not fit with the observations 

from CF1, CF2 and CF5. Subaqueous clinoforms normally develop parallel to the shoreline 

(Patruno et al., 2015b), strike parallel to alongshore currents and are thought to be a result of 

basinal processes such as tides, waves and currents more than the river discharge (Swenson et 

al., 2005; Patruno et al., 2015a). Signs of both wave activity and possibly storms have been 

observed in the field (Chapter 5), but other signs of strong basinal processes have not been 

observed. Hall (1997) implied that the basin was affected by strong and rapid storms, and 

other studies (including Wadsworth (1994) and Dreyer et al. (1999)) suggested that the area 

to some degree was affected by tides. Whether the basinal processes in the Ainsa Basin were 

strong enough to result in the formation of subaqueous clinoforms has not been described, 

and is therefore unknown. However, as CF1, CF2, CF4 and CF5 clearly display subaqueous 

topsets, they should be classified as subaqueous clinoforms, despite the lack of signs of high-

energy processes. This could, nevertheless, indicate that subaqueous clinoforms also can be 

formed in lower-energy settings. Alternatively, the definition of high-energy might be the 

problem in this case, as it is difficult to compare the energy from system to system, and high-

energy processes in the Sobrarbe delta might not be classified as high-energy processes in 

other, larger systems. Another explanation to the lack of observable high-energy indicators, 

Figure 9.2: The figure shows the transition from a compound clinoform system, with both shelf-
prism and subaqueous delta-scale clinoforms, which is interpreted to have resulted in the deposition 
of CF1 and CF2 and possibly CF4, to a system with only one clinoform (CF5). The colored 
clinoforms represent the studied area, and the color of CF1, CF2, CF4 and CF5 is blue, yellow, red 
and green (see legend) (modified from Poyatos-Moré et al. (2016) based on Johannessen and Steel 
(2005), Helland-Hansen and Hampson (2009) and Jones et al. (2013)).  
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especially for CF1 and CF2, could be that as the clinothems are mostly composed of fine-

grained material (silt), which can be difficult to erode because of the cohesive nature of fine-

grained sediments (Hjulström, 1939), few signs of erosion and thus high-energy processes 

can be observed.  

 

The interpretation of the clinoforms being subaqueous can be supported by some of the 

observations of Patruno et al. (2015a), who found that subaqueous clinoforms are normally 

more uniform than the subaerial delta clinoforms, which is the case for the studied clinoforms 

in the Sobrarbe Formation. They also found that the subaqueous clinoforms tend to have 

sigmoidal geometries, which fits well with CF1, CF2 and CF5. The subaerial clinoforms, on 

the other hand, often show oblique geometries (Patruno et al., 2015a). According to Patruno 

et al. (2015b), the observation that well-sorted sandstones around the rollover of the 

clinoforms is missing, which is also the case for the studied clinoforms, might be a further 

indication that the clinoforms have not been exposed to the surf-wave action that normally 

affect the upper rollover of subaerial deltas.  

  

 

9.2  Clinoform and clinothem geometry and development 
9.2.1 Sigmoidal clinoforms 

Two different models for how sigmoidal clinoforms are formed have been proposed. By 

studying shelf-edge clinoforms, Sangree and Widmier (1978) proposed that the sigmoidal 

clinoforms were created in coastal areas affected by little or no energy. This fits well with the 

observations by Kertznus and Kneller (2009), who, after studying clinoforms of the Ebro 

continental margin, proposed that the sigmoidal clinoforms might be the result of little 

modification of the clinothem. Other work, (Adams & Schlager, 2000; Adams et al., 2001; 

Schlager & Adams, 2001) however, based on mathematical modelling of continental slopes 

(Adams & Schlager, 2000), the study of slope clinoforms (Schlager & Adams, 2001) and 

seismic imaging of deltas in lake basins (Adams et al., 2001), suggest that the sigmoidal 

clinoforms are created as a result of erosion and reworking of the original clinoform, which is 

thought to be exponential.  

 

The three studied sigmoidal clinoforms show different characteristics, which might indicate 

that the formation of sigmoidal clinoforms, at least in the studied part of the Sobrarbe 



DISCUSSION 

	

	98 

Formation, might be a result of different processes, as the literature suggests. The lower 

boundary of the clinothem (CT1) associated with CF1 was not observed in the field, but is 

assumed to consist of mostly fine-grained deposits. CT1 will therefore not be included in the 

discussion when the lower boundary is necessary to define the parameters that are discussed 

(such as trajectory and topset/foreset-ratio).  

 

Trajectory related to sea level changes 

Both of the sigmoidal clinothems (CT2 and CT5) show ascending regressive trajectories (Fig. 

9.3), and the trajectory of CT2 is slightly steeper than that of CT5. The trajectory angles 

measured are not corrected for compaction. As CT2, as previously mentioned, is composed 

of mostly fine-grained deposits, the trajectory angle of this clinothem might originally have 

been higher, as fine-grained deposits normally compact more than coarser-grained deposits 

(Bjørlykke, 2015). CT5 might also originally have shown a slightly higher trajectory angle, 

but as this clinothem is composed of coarser-grained deposits than CT2, it is not believed to 

have been affected to the same degree by compaction as CT2. The difference in trajectory 

angle between the two clinoforms might therefore have been higher originally (before 

compaction).  

 

Ascending regressive trajectories are formed during a relative sea level rise when the rate of 

creation of accommodation is outpaced by the sediment supply (Helland-Hansen & 

Martinsen, 1996). An ascending regressive trajectory will create accommodation space in the 

whole basin, as a relative sea-level rise would lead to creation of accommodation in the 

topset as well as the foreset and bottomset segment. High accommodation can lead to high 

trajectories, whereas lower accommodation often results in transport across the shelf and 

lower trajectories (Anell et al., 2014). Ascending regressive trajectories can therefore provide 

information about the sediment supply relative to changes in relative sea level and 

subsidence/uplift (Anell et al., 2014). Therefore, based on the observation of an ascending 

regressive trajectory for the two sigmoidal clinothems, it is believed that the basin 

experienced a relative sea level rise (A) during the deposition of CT2 and CT5. However, the 

sediment supply (S) to the basin is interpreted to have been higher than the creation of 

accommodation space (S>A), which resulted in delta progradation (Posamentier et al., 1988; 

Myers & Milton, 1996).  
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The trajectory angle is, as previously mentioned, observed to be lower for CT5 than for CT2, 

4.02° and 6.05° respectively. This suggest that either the rate of creation of accommodation 

during deposition of CT2 was higher than during the deposition of CT5, the rate of 

sedimentation was higher during deposition of CT5 or there was a combination of the two, 

leading to a proportionally greater regression (Anell & Midtkandal, 2015). 

 

 

 

 

 

 

 

 

 

 

Topset/foreset-ratio 

An observation that is consistent for the two sigmoidal clinothems is that they both show 

relatively high topset/foreset-ratios. This is expected for sigmoidal clinothems, and in their 

study of shelf-edge clinoforms Sangree and Widmier (1978) found that sigmoidal clinoforms 

often have relatively thick topset segments as they are formed in a period with increasing sea 

level (often during transgressive or highstand systems tract). This fits well with the sigmoidal 

clinoforms/clinothems studied in the Sobrarbe delta. The two sigmoidal clinothems can both 

be observed to show well-developed topset segments, and they both have clear ascending-

Figure 9.3: Conceptual figures of the development of CT2 (to the left) and CT5 (to the right). 
CT2 is interpreted to have been affected by a sea level fall (stage 3), which resulted in a 
truncated clinoform, followed by a sea level rise. The overall trajectory is therefore ascending 
regressive. CT5 also shows an ascending regressive trajectory. The different colors represent the 
different stages of the clinothem development.  
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regressive trajectories. As previously described, this indicates deposition during a sea-level 

rise (creating topset accommodation) with more sediment supplied to the system than the rate 

of creation of accommodation space (Helland-Hansen & Martinsen, 1996; Helland-Hansen & 

Hampson, 2009). The fact that the Las Gorgas CS previously (by Wadsworth (1994) and 

Dreyer et al. (1999)) has been interpreted to represent mostly deposition during a TST/HST 

supports the theory that sigmoidal clinothems are normally deposited during a sea-level rise 

as proposed by Sangree and Widmier (1978).  

 

However, increased topset accommodation should, to a degree, minimize the amount of 

sediment transported to the foreset and bottomset segment of the clinothem (Helland-Hansen 

& Hampson, 2009). Even though the two sigmoidal clinothems show a higher topset/foreset-

ratio than the asymmetric bottom-heavy clinothem (CT3/4), located in-between CT2 and CT5 

(described further in subchapter 9.2.2), the amount of sediment deposited in the foreset 

segment of CT2 and CT5 is still higher than the amount deposited in the topset segment. This 

is to a certain degree expected, as the water depth, and thus the accommodation space, is 

higher at the foreset compared to the topset on a basinward-dipping clinoform. The higher 

amount of sediment in the foreset segment (compared to the topset) might also indicate that 

the transport to the foreset segment was high (especially for CT2) even with a resulting 

ascending regressive trajectory. One explanation could be that the sediment supply was so 

high, relative to the rate of creation of accommodation (subsidence), that even though there 

was an increase in the topset and foreset accommodation, the sediment supply to the basin 

was higher (S>A). This theory can be supported by observations by Helland-Hansen and 

Hampson (2009), who found that the delivery of sand across the shelf-edge rollover (which in 

the Sobrarbe delta would be the topset-to-foreset rollover) during a rising trajectory can be 

explained by the sediment supply to the basin being higher than the relative sea-level rise. As 

a result, sediment can be transported across the shelf (or topset in this case) into the deeper 

parts of the basin.  

 

The trajectory angle of CT2 is only slightly higher (1.5 times higher) than the trajectory angle 

of CT5, but the two clinothems show very different values for the topset/foreset-ratio. As 

CT5 displays a lower trajectory, it should in theory show an increased deposition in the 

foreset segment (relative to the topset) compared to CT2 (Carvajal & Steel, 2006), however, 

this is not the case for CT5. The higher topset/foreset-ratio of CT5 indicates a more even 

distribution of sediment between the topset and foreset segment, whereas the topset/foreset-
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ratio of CT2 is lower, indicating an increased transport to the foreset segment compared to 

CT5. The increased amount of sediment in the foreset of CT2 likely indicates that CT2 was 

deposited in a period with more tectonic activity (resulting in thrust-induced differential 

subsidence), than CT5. This would have led to the creation of more space for sediment to be 

deposited (higher rate of creation of accommodation) during the deposition of CT2, which 

again would have made it possible to develop a high and steep clinoform. Less tectonic 

activity could then possibly explain the limited accommodation space during the deposition 

of CT5. The interpretation that CT2 could be affected by tectonic activity can be supported 

by the fact that the area was affected by periods with higher tectonic activity during the 

deposition of the Sobrarbe Formation (Dreyer et al., 1999) (see Chapter 2).  

 

As a result of less tectonic activity (creating less accommodation space) during the deposition 

of CT5, the deposits could have been more evenly distributed in the topset and foreset 

segment of the clinothem than during the deposition of CT2. The interpretation of lower 

accommodation during the deposition of CT5 is supported by observations by Wadsworth 

(1994) who found that the high-order sequences in the Las Gorgas CS became more 

amalgamated higher up in the sequence. This observation was interpreted to be an indication 

of a decrease in accommodation space towards the top (Wadsworth, 1994). As CT5 is 

deposited higher up in the sequence than CT2, the observations of less accommodation space 

could contribute to describe the difference in trajectory angle. The observation of 

amalgamated sandstone beds and a thinner topset segment for CT5 than for CT2 can also 

support this interpretation, as amalgamation often occurs when the accommodation space is 

limited (Fitzsimmons & Johnson, 2000). The lower accommodation might also be the reason 

why coarser material in CT5 is observed to have been transported further down the slope, 

compared to CT2, as less storage potential (lower accommodation) is suggested to lead to a 

higher transport to the slope and basin floor of the basin (Johannessen & Steel, 2005). 

However, this would normally lead to a lower topset/foreset-ratio as sediment during lower 

accommodation often is bypassed across the topset segment (Johannessen & Steel, 2005; 

Carvajal & Steel, 2006). For CT5 to develop both a lower trajectory and higher 

topset/foreset-ratio than CT2, there was probably available accommodation space in both the 

topset and slightly higher in the foreset segment (but less than during the deposition of CT2), 

which resulted in the high topset/foreset-ratio of CT5.  
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An additional factor contributing to the increased difference in topset/foreset-ratio between 

the two clinothems could be a relative sea level fall interpreted to have resulted in the 

truncation of a clinoform observed in the field. This truncation could be observed in the form 

of what is interpreted to represent truncated mouth bar deposits. As this area could not be 

reached, the truncation could not be studied closely in the field. This lowering of the relative 

sea level and erosion (stage 2 for CT2 in Figure 9.3), and a short period of bypass across the 

topset into the foreset segment, could therefore be an additional factor that could explain why 

the topset/foreset-ratio is lower for CT2 than for CT5. The topset/foreset-ratio of CT2 is not 

that different from the topset/foreset-ratio of CT3/4, where a lowering of the sea level and 

increased deposition on the foreset segment can be observed (see Chapter 7 and further 

discussion in subchapter 9.2.2). These observations might imply that the sediment 

distribution is strongly controlled by variations in relative sea level. The deposition of CT5 

therefore suggests a continuous increase in accommodation across the whole clinothem, 

whereas CT2 was affected by a period of increased sedimentation relative to the amount of 

accommodation (restricted accommodation in the topset segment), leading to increased 

deposition in the foreset compared to CT5. Available accommodation space therefore appears 

to be an important factor resulting in the difference in topset/foreset-ratio between CT2 and 

CT5. 

 

Foreset angle 

Several factors can affect the steepness of foreset segments, including sedimentation rate 

(Adams & Schlager, 2000), sediment composition and available accommodation (basin 

height) (Pirmez et al., 1998; Patruno et al., 2015a). The average foreset angle of the three 

studied sigmoidal clinoforms varies greatly from the lowermost, where CF1 and CF2 have 

average foreset angles of 3.38° and 4.44° respectively, to the uppermost part of the studied 

succession, where CF5 has an average foreset angle of 1.52°. As described in Chapter 3, 

clinoforms have been observed to develop progressively steeper foreset angles if the delta 

progrades across an initially sloping basin floor, and stay more or less constant with no initial 

slope (Pirmez et al., 1998). Dreyer et al. (1999) interpreted, based on the appearance of the 

lowermost clinothems in the Sobrarbe deltaic complex, which show low slope angles, that the 

basin had relatively gentle slopes in the beginning of the delta progradation. Following the 

theory of Pirmez et al. (1998), the foreset dip of the clinothems in the Sobrarbe deltaic 

complex should therefore have been constant or close to constant throughout the delta 

development. However, for the studied clinoforms of the Sobrarbe Formation, this is not the 
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case, as they show an overall decreasing foreset-angle trend towards the top of the studied 

succession. This trend was also observed by Wadsworth (1994), who interpreted the trend to 

be a result of differential subsidence. As previously described, this differential subsidence, 

more rapid subsidence in the northern (distal) than in the southern (more proximal) part of the 

basin for the oldest clinoforms (CF1 and CF2), might be explained by tectonic activity 

(thrusting). According to Dreyer et al. (1999) the decreasing trend of the foreset angle 

towards the top of the Las Gorgas CS could be a result of the basin getting shallower. This 

would fit well with a ceasing of tectonic activity towards the top of the system, resulting in 

infilling of the basin and lower foreset angles.  

 

The oldest clinoforms in the system (CF1 and CF2) are also the ones that show the highest 

value for the foreset height. This observation could also be explained by tectonic activity 

creating more accommodation during the deposition of the oldest clinoforms, as the height of 

clinoforms are thought to be a response to the available space in the basin (basin height), in 

addition to sediment flux, sediment availability and the energy in the basin (Pirmez et al., 

1998). This subsidence would provide the space available for high clinoforms to be deposited 

in the base of the studied succession, and decrease with time as a result of decreasing rate of 

creation of accommodation. An additional factor to the steepening of the clinoforms could be 

an increased compaction of the distal (fine-grained) units, whereas the more proximal (sandy) 

units, as previously mentioned, might not have been compacted to the same degree as the 

more distal (fine grained) deposits. The available accommodation space (height) created as a 

result of thrust-induced subsidence is thought to be the factor that affects the steepness of the 

foreset angles of the clinoforms in the studied part of the Sobrarbe Formation the most, 

whereas the differential compaction of the deposits might have contributed as an additional 

factor. The interpretation that the height is important for the formation of steep clinoforms is 

consistent with observations by Ross et al. (1994) and Pirmez et al. (1998), who through 

numerical experiments found that the dip angle of prograding clinoforms increases with 

increased height. This increase in angle is necessary to be able to transport the higher amount 

of sediment needed to result in the progradation of a higher clinoform (Steckler et al., 1999).  

 

In the two oldest clinoforms (CF1 and CF2) a trend between the steepness of the foreset 

angle and the grain size can be observed, as proposed by Pirmez et al. (1998). Clinothems 

composed of finer-grained sediments normally show a lower foreset angle than clinothems 

with a higher grain size (Pirmez et al., 1998). Even though only the top part of CT1 was 
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logged, it is assumed to consist of mostly fine-grained material. If the differential subsidence 

which is interpreted to have affected the two lowermost clinoforms the most affected both 

clinoforms to the same degree, CF1, which is composed of the overall smallest grain size, can 

be observed to be less steep than CF2. However, for the rest of the clinothem/clinoform 

system this trend cannot be observed, as the sandier clinothems, which are located higher up 

in the clinothem system, are the ones that have the least steep foresets. As previously 

described, this might be the result of a combination of ceasing of the thrust-induced 

subsidence (as a result of decreasing tectonic activity in the study area from older to younger 

clinoforms), resulting in less available accommodation space towards the top and an upward 

shallowing. Quiquerez and Dromart (2006) found no clear correlation between parameters 

such as slope versus sediment fabric and shape versus slope in delta-scale clinoforms. Only 

by looking at the clinoforms/clinothems in this study, a clear trend cannot be observed, and 

several clinoforms/clinothems systems must be studied to find out if such a trend really 

exists. However, for this study the apparent trend is that while sediment type may influence 

the foreset angle, the dominant factor appears to be the accommodation.  

 

Depositional environment (Facies) 

CT2 consists mostly of marl of Facies A and thin sandstone beds of Facies B, capped with 

thoroughly bioturbated sandstone of Facies D. The topmost sandy layer of Facies D is 

observed to thin basinward, which might indicate a lowering in the energy towards the basin. 

In Log 2, a possible truncation of an underlying shoreface sandstone (below the rollover) was 

observed in field. Except for this erosional event, CT2, based on the fact that this clinothem 

mostly consists of marl (interpreted to have been deposited from suspension, see Chapter 5), 

appears to have been deposited in an environment affected by relatively low energy. As no 

high-energy indicators (neither sedimentary structures nor trace fossils indicating a high-

energy environment) could be observed in the deposits of CT2, the hypothesis of Adams and 

Schlager (2000) that sigmoidal clinothems are formed as a result of high-energy processes, 

and erosion and reworking of on the rollover, does not apply for CT2/CF2.  

 

Adams and Schlager (2000) also proposed that the rate of sedimentation (resulting in rapid 

progradation), in addition to the energy, would affect the formation of the different 

geometries. They suggested that high rates of sedimentation would result in the formation of 

exponential clinoforms, as high sedimentation rates would supress the effect of tides, 

seasonal weather and high amplitude sea level changes, while the deposits would be more 
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highly affected by these changes during low sediment supply. They suggested that during low 

sedimentation rates, the changes in base level would affect the formation of the exponential 

curve, and by erosion and reworking lead to the formation of sigmoidal curves (Adams & 

Schlager, 2000). In CT2, however, no indications of high-energy processes have been 

observed in the sediments, and the sedimentation rate was by both Dreyer et al. (1999) and 

Wadsworth (1994) interpreted to be relatively high. The process controlling the geometry of 

CF2 is therefore interpreted to be deposition rather than erosion. This interpretation is 

supported by observations by Kertznus and Kneller (2009) who questioned the theory 

proposed by Adams and Schlager (2000), and instead suggested that the sigmoidal 

clinothems are formed in areas that are not affected by considerable modification. According 

to Helland-Hansen (1992) sigmoidal clinoforms are formed as a result of increasing 

accommodation, in addition to high sedimentation rates on the shelf (topset in this case), 

which is a more suitable explanation for CT2 than the one proposed by Adams and Schlager 

(2000). 

 

The sediment composition of CT5 is distinctly different from CT2. Sandstone beds are 

composed of Facies D, E, F, J and K, while finer-grained intervals are composed of marl of 

Facies A. The sandstones in this clinothem (except from the very fine to fine sandstones of 

Facies D) are interpreted to have been deposited in an environment with higher energy than 

the sandstones in CT1, and a high degree of bioturbation of the sandstones is interpreted to 

represent higher oxygenation and shallower water depth. However, even though the energy 

affecting the deposits in CT5 is interpreted to have been higher than in CT2, CT5 does not 

appear to have been affected by processes controlled by much higher energy than the ones 

affecting CT2. The higher energy might have resulted in more reworking around the rollover, 

as the rollover of CT5 shows a gentler s-shape than the one of CT2. Compared to CT2, CT5 

might have been deposited as a result of a process more similar to the one suggested by 

Adams and Schlager (2000), as it deposits of CT5 appear to have been affected by higher-

energy processes than CT2. As CT5 is interpreted to have been affected by overall higher 

energy than CT2, the two sigmoidal clinothems might have been developed in two different 

ways. CT2 might be the result of deposition, as suggested by Kertznus and Kneller (2009), 

whereas CT5 could be more affected by erosion and reworking on the rollover (or shelf edge 

in Adams and Schlager (2000)), which is the processes preferred by Adams and Schlager 

(2000).  

 



DISCUSSION 

	

	106 

9.2.2 Linear/asymmetric bottom-heavy clinoform/clinothem 

CT3/4 is clearly asymmetric, and shows a sediment distribution skewed basinward, which 

was also observed in the asymmetrical bottom-heavy clinothems identified by Anell and 

Midtkandal (2015). One observation that separates the asymmetrical bottom-heavy 

clinothems in the study by Anell and Midtkandal (2015) from the one identified in the 

Sobrarbe delta in this study is that the top bounding clinoform (CF4) of CT3/4 is linear and 

not classified to be sigmoidal. The asymmetrical bottom-heavy clinothems identified by 

Anell and Midtkandal (2015) all showed sigmoidal top bounding clinoforms, and their study 

is the only study that has classified this type of clinothem geometry. However, Anell and 

Midtkandal (2015) did not do a statistical curve fit procedure, as have been done in this 

study. It might therefore be that some of the clinoforms that they have classified to be 

sigmoidal could show a better fit with a linear slope. The fact that CT3/4 displays a linear 

clinoform (CF4) and an asymmetric bottom-heavy clinothem, might suggest that also bottom 

heavy clinothems, in addition to the oblique clinothems observed by Anell and Midtkandal 

(2015), can be bounded by a linear clinoform.  

 

Trajectory related to sea level changes 

A landward movement, and an overall back stepping (transgression) of the depositional 

system (stage 4 in Fig. 9.4), is interpreted to have occurred at one time during the deposition 

of CT3/4. An ascending-transgressive trajectory implies that during the development of 

CT3/4 there was a period with higher rate of creation of accommodation than sediment 

supply (A>S) (Helland-Hansen & Martinsen, 1996). An upward-fining sequence can be 

found in this clinothem, bounded on top by an interpreted marine flooding surface (see 

Chapter 7), which would represent the time at which the rate of creation of accommodation 

outpaced the sediment supply. The upward-fining sequence thus implies that the 

transgression was accretionary, as sediments were deposited at the same time as the 

depositional system moved landward (Helland-Hansen & Martinsen, 1996).  
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The topmost part of CT3/4, which is composed of shoreface sandstones of FA3, is coarser 

than the lower part of the clinothem. The topset in the upper part of the clinothem is also 

interpreted to represent a facies association indicative of higher energy than the deposits in 

the lower parts of CT3/4, and could indicate that in the last stage of deposition CT3/4 was 

again prograding (stage 5 in Fig. 9.4). The fact that the clinothem as a whole displays an 

ascending transgressive trajectory, and not regressive as a result of the progradation in the 

topmost part (Fig. 9.4), could be the result of a sea-level standstill after the transgression in 

stage 4. A sea-level standstill would have allowed the sediments to outpace the creation of 

accommodation space in stage 5 (Posamentier et al., 1992). This would have resulted in a 

progradation of the system in the last part of the development of CT3/4, but the system did 

not reach far enough basinward to make the clinothem overall regressive. As a result, the 

whole system was shifted landward during the deposition of CT3/4 (stage 4 in Figure 9.4), 

before the basinward progradation again continued at the end of CT3/4 (stage 5) and during 

the deposition of CT5.  

 

 

Figure 9.4: A conceptual figure showing the interpretation of the development of CT3/4, and the 
resulting geometry and trajectory. The different stages show how the clinothem in periods have 
been affected by relative sea level changes, and how the input of sediment relative to the rate of 
creation of accommodation has affected the clinothem development. The different colors represent 
the different stages of clinothem development.  
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Topset/foreset-ratio 

Unlike the two sigmoidal clinothems, which both show higher topset/foreset-ratios, CT3/4 

shows the lowest measured topset/foreset-ratio. This implies that the amount of sediment in 

the foreset segment is higher relative to the topset than in both CT2 and CT5, and CT3/4 is 

based on this observation, classified as an asymmetric bottom-heavy clinothem (after the 

clinothem classification by Anell and Midtkandal (2015)). Anell and Midtkandal (2015) 

interpreted the asymmetry of the bottom-heavy clinothems to be a result of an efficient 

transport of sediment across the shelf edge into the foreset segment of the clinothem. This 

interpretation fits well with the observed asymmetric bottom-heavy clinothem in the Sobrarbe 

delta (CT3/4), as it appears that the amount of sediment deposited in the foreset segment was 

higher than in the topset segment, which is reflected in the low topset/foreset-ratio. The high 

amount of sediment in the foreset segment of CT3/4 relative to the topset could be a result of 

one or several periods with limited accommodation in the topset segment. In periods with 

limited topset accommodation sediment is often transported (bypassing) across the topset to 

the seaward side of the rollover point, and deposited in the foreset segment of the clinothem 

(Johannessen & Steel, 2005; Carvajal & Steel, 2006). A high accumulation on the seaward 

side of the shelf edge, or in this case the topset-to-foreset rollover, of the clinothem can 

explain how a clinothem can get an asymmetric appearance (Anell & Midtkandal, 2015).  

 

The truncation of a clinoform (see Chapter 7) is interpreted to have been the result of a period 

of falling relative sea level (stage 2, Figure 9.4). During this period the topset segment is 

thought to have experienced low accommodation, as flat and descending trajectories (stage 2 

and 3) often implies bypass of the topset and transport to the foreset and bottomset segments 

(Johannessen & Steel, 2005). No clear signs of erosion or bypass could be observed in the 

logs through the topset segment of CT3/4, and it is therefore difficult to say if the clinothem 

in the period with falling relative sea level and lower accommodation on the topset segment 

was affected mostly by bypass, erosion or a combination of the two. However, the period 

with lower accommodation on the topset segment is believed to have resulted in increased 

sediment supply to the foreset segment relative to the topset, resulting in the observed 

asymmetry. The clinoform on top of CT3/4 (CF4) displays a clearly lower foreset angle than 

CF2, which might imply that the rate of creation of thrust-induced subsidence slowed down 

towards the top of CT3/4 resulting in less accommodation and infilling of the available space. 

This fits well with the interpretation of CT5 being affected by little to no tectonic activity (as 

previously discussed), as CT5 is deposited above CT3/4. The creation of accommodation 
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throughout the development of CT3/4 is therefore different than during CT2, as CT2 is 

interpreted to be the result of creation of accommodation throughout the deposition of the 

whole clinothem. The upper part of CT3/4, however, does not show the same asymmetry as 

the lower part, and could therefore have been deposited in much of the same way as the 

sigmoidal clinothems, with available accommodation across the whole clinothem (Helland-

Hansen, 1992). The main difference between CT3/4 and CT2 and CT5 is therefore the fining 

upward interval and the interpreted accretionary transgression, which may have influenced 

the overall geometry of CT3/4. The asymmetrical bottom-heavy clinothem appears to be the 

result of a development during two phases, one with limited accommodation in the topset 

area, differential subsidence and transport of sediment to the foreset segment (stage 1-3), and 

one with available accommodation over the whole clinothem and less differential subsidence 

(stage 4-5). 

 

Foreset angle 

Anell and Midtkandal (2015) found that the asymmetric bottom-heavy clinothems showed 

lower foreset angles than the symmetrical sigmoidal clinothems. The asymmetrical bottom 

heavy clinothem (CT3/4) shows a distinctly lower angle than the preceding sigmoidal 

clinothem (CT2) but a higher foreset angle than CT5. The lowering of the foreset angle might 

therefore be a result of the sediment supply being able to outpace the rate of creation of 

accommodation towards the last stages of deposition of CT3/4. The sediment supply could 

outpace the creation of accommodation as a result of less tectonic activity (and thus less 

differential subsidence) towards the top of CT3/4. The fact that CT3/4 shows a higher foreset 

angle compared to CT5 might be explained by the interpreted lower accommodation during 

the deposition of CT5 (as explained in 9.2.1). This lower accommodation (lower basin depth) 

during the deposition of CT5 is thought to have prevented the clinothem from developing 

steeper slope angles. These observations strongly suggest that the controlling factor of the 

steepness of the clinoforms, at least in the studied system, is accommodation. 

 

Depositional environment (Facies) 

The shoreface sandstones that can be observed towards the top of this clinothem are observed 

to get progressively more fine-grained (a change from FA3 to FA2) towards the more distal 

parts of the clinothem, which likely indicates a lowering of the energy basinward. Neither of 

the facies observed in CT3/4 is indicative of high-energy processes, but represent facies 

affected by higher-energy processes than CT2. However, the deposits of CT3/4 appear to 
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have been affected by lower-energy processes than CT5. CT3/4 is therefore interpreted to 

have been deposited in an environment affected by little to moderate energy. Cant (1989) 

found that linear clinoforms (which is the geometry of the top bounding clinoform (CF4) of 

CT3/4) are deposited when relatively well sorted sediment, is transported to a shelf where the 

energy across the shelf not varies significantly. This fits to some degree with the linear 

clinoform observed in the Sobrarbe delta, as the energy interpreted to have affected the 

deposits is thought to have been low to moderate. However, the deposits in CT3/4 are only 

interpreted to be moderately sorted at the best, which is not consistent with the interpretation 

by Cant (1989), who found that the sediments in a linear clinoform should be relatively well 

sorted. CT3/4 and CF4 is interpreted to have been deposited in an environment affected by 

low to moderate energy, affected by higher energy relative to CT2 and lower relative to CT5. 

It is therefore not interpreted to have formed in the same way as the linear clinoform 

described by Cant (1989).  

 

 

9.3  The overall development of the Sobrarbe clinoform/clinothem system 
The overall trend of the clinoform/clinothem system is that the clinothems are getting 

shallower towards the top (as seen from the facies and FA composition), and is based on this 

observation, in addition to the overall ascending regressive (basinward climbing) trajectory 

(Fig. 9.5), interpreted to represent a progradational delta system. Progradational geometries 

are formed when the supply of sediment to the system is higher that the rate of creation of 

topset (vertical) accommodation space, which will lead to deposition on the foreset segment 

and an overall progradation of the shelf edge (or rollover in this case) towards the basin 

(Myers & Milton, 1996). This is defined as a normal regressive development (Helland-

Hansen & Hampson, 2009). Dreyer et al. (1999) found that the observation that the Sobrarbe 

deltaic complex appears to be progradational implies that the sediment supply during the 

development of the delta must have been equal to or higher than the rate of creation of 

accommodation (subsidence rate).  
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The foreset height, the foreset down-dip extent and the average foreset angle are observed to 

decrease from the lowermost clinothem (CT1) towards the top (CT5), whereas the 

topset/foreset-ratio increases. Anell and Midtkandal (2015) found that there was a correlation 

between the clinothem length and the slope angle for shelf-edge clinoforms, where the slopes 

with the lowest angles often showed the longest clinothems and the shortest clinothems often 

were the steepest. This clear trend cannot be observed in the studied clinothems, as the 

uppermost coarsest clinothem (CT5), which displays the lowest foreset angle, is the one with 

the shortest foreset down-dip extent. A possible explanation to this upward-decreasing trend 

in foreset down-dip extent could be that gravity-driven transport of sediment became limited, 

which would have limited the transport of sediment further into the basin, as the Ainsa Basin 

became overfilled (Mutti et al., 1988). 

 

The observation that the topset/foreset-ratio shows an overall increase from the lowermost to 

the topmost clinothem indicates that the available space in the foreset segment is lowered, or 

that the topset accommodation space increased from the lowermost to the topmost part of the 

studied succession, or it could be a combination of both. However, as previously discussed, 

the topset/foreset-ratio is interpreted to have increased as the tectonically-induced subsidence 

Figure 9.5: An illustration of the development of the studied clinothems in the Sobrarbe 
Formation. The three colors represent each of the three clinothems, where yellow=CT2, 
red=CT3/4 and green=CT5. The black arrow represents the overall ascending regressive 
trajectory of the clinothem system. The ascending regressive trajectory indicates that the 
sediment supply overall was higher than the rate of creation of accommodation. The grey arrows 
represent the trajectory of CT2 and CT5. 
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ceased. As a result, the accommodation is considered to be the most important control of the 

creation of the different clinothem geometries in the studied part of the Sobrarbe delta. The 

asymmetrical bottom-heavy clinothem (CT3/4), the only one of its kind, is formed during a 

period with lowered accommodation in the topset segment followed by a period with 

accommodation across the whole clinothem, whereas both of the sigmoidal clinothems (CT2 

and CT5) are formed when there was available accommodation in both the topset- and foreset 

segment of the clinothem.  
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10 Chapter 10: Conclusions 
 

Delta development and scale 

• Several parasequences can be observed in the studied sequence, which correspond to 

the clinothems that have been studied further in this thesis. The clinothem boundaries 

are interpreted to represent flooding surfaces, and each clinothem an overall upward-

coarsening unit. 

• CF1 and CF2 are interpreted to represent shelf-prism clinoforms with a size in-

between delta-scale and shelf-prism clinoforms as a result of the configuration of the 

basin. This is based on the clinoform height, foreset angle and down-dip extent. CF5 

is interpreted to represent a sand-prone delta-scale clinoform deposited as a result of 

less accommodation space, which inhibited the development of shelf-prism 

clinoforms/clinothems.  

• An overall ascending regressive trajectory and progradational geometry indicates that 

the supply of sediment was higher than the relative sea level rise in the studied part of 

the Sobrarbe Formation. 

 

Clinothem geometries 

• Four  clinothems (including CT1) bounded by clinoform surfaces are identified, three 

have slope geometries delineated by a Gaussian distribution formula and one by a 

linear formula.  

• Accommodation is considered the most important factor affecting the development of 

different clinothem/clinoform geometries. The sigmoidal clinothems are created as a 

result of creation of accommodation over the whole clinothem, with a sediment 

supply outpacing the rate of creation of accommodation. The asymmetric bottom-

heavy clinothem is interpreted to result from a more complex development including 

an early period of limited accommodation and erosion/bypass in the topset followed 

by accretionary transgression prior to re-establishing progradation. 

 

• Sigmoidal clinoforms/clinothems 

§ CT2 and CT5 show relatively high topset/foreset-ratios interpreted to result 

from high sediment supply outpacing a rising sea level resulting in ascending 
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regressive trajectories, indicating that S>A is needed to create sigmoidal 

forms.  

§ CF1, CF2 and CF5 show distinctly different foreset angles as a result of 

differences in accommodation, and thus the basin height. The steepest 

clinoforms (CF1 and CF2) are deposited in a deeper basin, whereas the least 

steep (CF5) is deposited in a shallower basin. This study suggest that in a 

tectonically controlled basin like the Ainsa Basin, the available 

accommodation plays a more important role than the sediment type in 

controlling the steepness of the foreset segments of clinoforms.  

§ This study suggests that sigmoidal clinothems/clinoforms can be formed in 

both high-energy and low-energy depositional environments. 

	

• Linear clinoforms/clinothems 

§ CT3/4 is the only clinothem that displays a transgressive trajectory. This is 

interpreted to be the result of an overall higher rate of creation of 

accommodation than sediment supply during one stage of the deposition of 

CT3/4.  

§ The asymmetric-bottom heavy clinothem is interpreted to be a result of a two-

stage development, where a period with limited topset accommodation and 

sediment bypass led to increased deposition on the foreset segment, followed 

by a period with accommodation created across the whole clinothem. 

§ The topset/foreset-ratio of the asymmetric bottom-heavy clinothem is lower 

than for the sigmoidal forms, resulting from a period of relative sea level fall 

and bypass/erosion, observed in the field, in addition to the higher rate of 

creation of accommodation in the lower parts of the clinothem.  

§ The foreset angle is lower for CF4 than for CF1 and CF2, and higher that for 

CF5. The lowering of the foreset angle from CF1 and CF2 to CF4 is suggested 

to be a result if increased sedimentation on the foreset segment of CT3/4 

relative to the topset segment, in combination with a decreasing rate of 

creation of accommodation throughout the development of CT3/4. 

§ CT3/4 is interpreted to have been deposited in a low- to moderate energy 

environment. As only one bottom-heavy clinothem could be observed, a link 
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between the depositional environment and the bottom-heavy geometry cannot 

be established.   

 



	

	116 

References 
ADAMS, E. W. & SCHLAGER, W. (2000). Basic types of submarine slope curvature. 

Journal of Sedimentary Research, 70 (4),  814-828. 
ADAMS, E. W., SCHLAGER, W. & ANSELMETTI, F. S. (2001). Morphology and 

curvature of delta slopes in Swiss lakes: lessons for the interpretation of clinoforms in 
seismic data. Sedimentology, 48 (3),  661-679. 

AIGNER, T. (1985). Biofabrics as dynamic indicators in nummulite accumulations. Journal 
of Sedimentary Petrology, 55 (1),  0131-0134. 

AKAIKE, H. (1987). Factor analysis and AIC. Psychometrika, 52 (3),  317-332. 
ANELL, I., BRAATHEN, A. & MIDTKANDAL, I. (2014). Trajectory analysis and 

inferences on geometric relationships of an Early Triassic prograding clinoform 
succession on the northern Barents Shelf. Marine and Petroleum Geology, 54, 167-
179. 

ANELL, I. & MIDTKANDAL, I. (2015). The quantifiable clinothem - types, shapes and 
geometric relationships in the Plio-Pleistocene Giant Foresets Formation, Taranaki 
Basin, New Zealand. Basin Research, 29, 277-297. 

ARBUÉS, P., MELLERE, D., FALIVENE, O., FERNÁNDEZ, O., MUÑOZ, J. A., MARZO, 
M. & DE GILBERT, J. M. (2007). Context and architecture of the Ainsa-1-quarry 
channel complex, Spain. In: Atlas of deep-water outcrops (Ed. by Nilsen, T. H., 
Shew, R. D., Steffens, G. S. & Studlick, J. R. J.), AAPG, pp. 1-20. 

BATES, C. C. (1953). Rational theory of delta formation. AAPG Bulletin, 37, 2119-2162. 
BEAUMONT, C., MUÑOZ, J. A., HAMMILTON, J. & FULLSACK, P. (2000). Factors 

controlling the Alpine evolution of the central Pyrenees inferred from a comparison of 
observations and geodynamical models. Journal of Geophysical Research, 105 (B4),  
8121-8145. 

BENTHAM, P. & BURBANK, D. (1996). Chronology of Eocene foreland basin evolution 
along the western oblique margin of the South-Central Pyrenees. In: Tertiary Basins 
of Spain. The Stratigraphic Record of Crustal Kinematics. World and Regional 
Geology (Ed. by Friend, P. F. & Dabrio, C. J.), Cambridge University Press, United 
Kingdom, pp. 144-152. 

BENTHAM, P. A., BURBANK, D. W. & PUIGDEFABREGAS, C. (1992). Temporal and 
spatial controls on the alluvial architecture of an axial drainage system: late Eocene 
Escanilla Formation, southern Pyrenean foreland basin, Spain. Basin Research, 4 (3-
4),  335-352. 

BENTHAM, P. A., TALLING, P. J. & BURBANK, D. W. (1993). Braided stream and flood-
plain deposition in a rapidly aggrading basin: the Escanilla Formation, Spanish 
Pyrenees. In: Braided Rivers (Ed. by Best, J. L. & Bristow, C. S.), Geological 
Society, London, Special Publications, 75, pp. 177-194. 

BERNÉ, S., LERICOLAIS, G., MARSSET, T., BOURILLET, J. F. & DE BATIST, M. 
(1998). Erosional offshore sand ridges and lowstand shorefaces: examples from tide- 
and wave-dominated environments of France. Journal of Sedimentary Research, 68 
(4),  540-555. 

BJØRLYKKE, K. (2015). Compaction of Sedimentary rocks: Shales, Sandstones and 
Carbonates. In: Petroleum Geoscience (Ed. by Bjørlykke, K.), Springer, pp. 662. 

BOGGS, S. (2014). Principles of Sedimentology and Stratigraphy, Pearson Education 
Limited, United States of America, 564 p. 

BROMLEY, R. G. (1990). Trace Fossils - biology and taphonomy, Unwin Hymin Ltd, UK, 
280 p. 



	

	 117 

CANT, D. J. (1989). Simple equations of sedimentation: applications to sequence 
stratigraphy. Basin Research, 2, 73-81. 

CARVAJAL, C. & STEEL, R. S. (2006). Thick turbidite successions from supply-dominated 
shelves during sea-level highstand. Geology, 34, 665-668. 

CATHRO, D. L., AUSTIN JR., J. A. & MOSS, G. D. (2003). Progradation along a deeply 
submerged Oligocene-Miocene heterozoan carbonate shelf: How sensitive are 
clinoforms to sea level variations? AAPG Bulletin, 87 (10),  1547-1574. 

CATTANEO, A., TRINCARDI, F., LANGONE, L., ASIOLI, A. & PUIG, P. (2003). The 
late-Holocene Gargano subaqueous delta, Adriatic shelf: sediment pathways and 
supply fluctuations. Marine Geology, 193, 61-91. 

CATTANEO, A., TRINCARDI, F., LANGONE, L., ASIOLI, A. & PUIG, P. (2004). 
Clinoform generation on Mediterranean margins. Oceonography, 17 (4),  105-117. 

CATUNEANU, O. (2006). Principles of sequence stratigraphy, Elsevier, 375 p. 
CATUNEANU, O., GALLOWAY, W. E., KENDALL, C. G. S. C. K., MIALL, A. D., 

POSAMENTIER, H. W., STRASSER, A. & TUCKER, M. E. (2011). Sequence 
Stratigraphy: Methodology and Nomenclature. Newsletter on Stratigraphy, 44 (3),  
173-245. 

CLIFTON, H. E. (1976). Wave-formed sedimentary structures - A conceptual model. In: 
Beach and nearshore sedimentation (Ed. by Davis Jr., R. A. & Ethington, R. L.), 
Society of Economic Paleontologists and Mineralogists Special Publication no. 24, 
pp. 126-148. 

CLIFTON, H. E. (2006). A reexamination of facies models for clastic shorelines. In: Facies 
Models Revisited (Ed. by Posamentier, H. W. & Walker, R. G.), Society for 
Sedimentary Geology, Tulsa, Oklahoma, USA, pp. 293-337. 

COLLINSON, J., MOUNTNEY, N. & THOMPSON, D. (2006). Sedimentary Structures, 
Terra Publishing, England, 292 p. 

DE BOER, P. L., PRAGT, J. S. J. & OOST, A. P. (1991). Vertically persistent sedimentary 
facies boundaries along growth anticlines and climate-controlled sedimentation in the 
thrust-sheet-top South Pyrenean Tremp-Graus Foreland Basin. Basin Research, 3, 63-
78. 

DOTT, J. R. H. & BOURGEOIS, J. (1982). Hummocky stratification: Significance of its 
variable bedding sequences. Geological Society of America Bulletin, 93, 663-680. 

DRAKE, D. E., CACCHIONE, D. A. & KARL, H. A. (1985). Bottom currents and sediment 
transport on San Pedro Shelf, California. Journal of Sedimentary Research, 55 (1),  
0015-0028. 

DREYER, T., CORREGIDOR, J., ARBUES, P. & PUIGDEFABREGAS, C. (1999). 
Architecture of the tectonically influenced Sobrarbe deltaic complex in the Ainsa 
Basin, northern Spain. Sedimentary Geology, 127 (3),  127-169. 

DREYER, T., FÄLT, L. M., HØY, T., KNARUD, R., STEEL, R. & CUEVAS, J. L. (1993). 
Sedimentary Architecture of Field Analogues for Reservoir Information (SAFARI): A 
Case Study of the Fluvial Escanilla Formation, Spanish Pyrenees. In: The Geological 
Modelling of Hydrocarbon Reservoirs and Outcrop Analogues (Ed. by Flint, S. S. & 
Bryant, I. D.), International Association of Sedimentologists, Special Publication, 15, 
pp. 57-80. 

DROSER, M. L. & BOTTJER, D. J. (1986). A semiquantitative field classification of 
ichnofabric. Journal of Sedimentary Petrology, 56, 558-559. 

DUMAS, S. & ARNOTT, R. W. C. (2006). Origin of hummocky and swaley cross-
stratification – The controlling influence of unidirectional current strength and 
aggradation rate. Geology, 34 (12),  1073-1076. 



	

	118 

ELLIOT, T. (1986). Deltas. In: Sedimentary Environments and Facies (Ed. by Reading, H. 
G.), Blackwell Scientific Publications, Oxford, pp. 113-154. 

FARRELL, S., WILLIAMS, G. & ATKINSON, C. (1987). Constraints on the age of 
movement of the Montsech and Cotiella Thrusts, south central Pyrenees, Spain. 
Journal of the Geological Society, 144, 907-914. 

FERNÁNDEZ, O., MUÑOZ, J., ARBUÉS, P. & FALIVENE, O. (2012). 3D structure and 
evolution of an oblique system of relaying folds: the Ainsa basin (Spanish Pyrenees). 
Journal of the Geological Society, 169, 545-559. 

FITZSIMMONS, R. & JOHNSON, S. (2000). Forced regressions: recognition, architecture 
and genesis in the Campanian of the Bighorn Basin, Wyoming. In: Sedimentary 
Responses to Forced Regressions (Ed. by Hunt, D. & Gawthorpe, R. L.), Geological 
Society of London, Special Publications, London, 172, pp. 113-139. 

GAWTHORPE, R. L., HALL, M., SHARP, I. & DREYER, T. (2000). Tectonically enhanced 
forced regressions: examples from growth folds in extensional and compressional 
settings, the Miocene of the Suez rift and the Eocene of the Pyrenees. Geological 
Society, London, Special Publications, 172 (1),  177-191. 

GETDATA. (2017). GetData Graph Digitizer [Online]. Available: http://getdata-graph-
digitizer.com/index.php [Accessed 20.02 2017]. 

GOWLAND, S. (1996). Facies characteristics and depositional models of highly bioturbated 
shallow marine silisiclastic strata: an example from the Fulmar Formation (Late 
Jurassic), UK Central Graben. In: Geology of the Humber Group: Central Graben and 
Moray Firth, UKCS (Ed. by Hurst, A., Johnson, H. D., Burley, S. D., Canham, A. C. 
& Mackertich, D. S.), Geological Society Special Publications vol. 114, pp. 185-214. 

GRAHAM, G. H., JACKSON, M. D. & HAMPSON, G., J. (2015). Three-dimensional 
modelling of clinoforms in shallow-marine reservoirs: Part 1. Concepts and 
application. AAPG Bulletin, 99 (9),  1013-1047. 

GRINGRAS, M. K., BANN, K. L., MACEACHERN, J. A., WALDRON, J. & 
PEMBERTON, S. G. (2007). A conceptual framework for the application of trace 
fossils. Applied Ichnology, SEPM Short Course Notes, 52, 1-25. 

HALL, M. T. (1997). Sequence stratigraphy and early diagenesis: the Sobrarbe Formation, 
Ainsa Basin, Spain. Degree of Doctor of Philosophy, The University of Manchester. 
381. 

HAMBLIN, W. K. (1965). Internal structures of "homogenous" sandstone, University of 
Kansas, 1-37 p. 

HEARD, T. G., PICKERING, K. T. & ROBINSON, S. A. (2008). Milankovitch forcing of 
bioturbation intensity in deep-marine thin-bedded siliciclastic turbidites. Earth and 
Planetary Science Letters, 272 (1–2),  130-138. 

HELLAND-HANSEN, W. (1992). Geometry and facies of Tertiary clinothems, Spitsbergen. 
Sedimentology, 39, 1013-1029. 

HELLAND-HANSEN, W. & HAMPSON, G. J. (2009). Trajectory analysis: concepts and 
applications. Basin Research, 21 (5),  454-483. 

HELLAND-HANSEN, W. & MARTINSEN, O. J. (1996). Shoreline trajectories and 
sequences: description of variable depositional-dip scenarios. Journal of Sedimentary 
Research, 66 (4),  670-688. 

HJULSTRÖM, F. (1939). Transportation of detritus by moving water: Part 1. Transportation. 
In: Recent Marine Sediments (Ed. by Trask, P. D.), Tulsa, pp. 5-31. 

HOWARD, J. D. (1972). Trace fossils as criteria for recognizing shorelines in stratigraphic 
record. In: Recognition of ancient sedimentary environments (Ed. by Rigby, J. K. & 
Hamblin, W. K.), Society of Economic Paleontologists and Mineralogists Special 
Publication no. 16, pp. 215-255. 



	

	 119 

HOWELL, J. A., SKORSTAD, A., MACDONALD, A. C., FORDHAM, A., FLINT, S. S., 
FJELLVOLL, B. & MANZOCCHI, T. (2008). Sedimentological parameterization of 
shallow-marine reservoirs. Petroleum Geoscience, 14, 17-34. 

JOHANNESSEN, E. P. & STEEL, R. J. (2005). Shelf‐margin clinoforms and prediction of 
deepwater sands. Basin Research, 17 (4),  521-550. 

JORRY, S. J., HASLER, C.-A. & DAVAUD, E. (2006). Hydrodynamic behaviour of 
Nummulites: implications for depositional models. Facies, 52, 221-235. 

KELLING, G. & WALTON, E. K. (1953). Load-cast structures: their relationship to upper-
shoreface structures and their mode of formation. Geological Magazine, 94 (06),  
481-490. 

KERTZNUS, V. & KNELLER, B. (2009). Clinoform quantification for assessing the effects 
of external forcing on continental margin development. Basin Research, 21, 738-758. 

KJEMPERUD, A. V., SCHOMACKER, E. R., BRENDSDAL, A., FÄLT, L. M., JAHREN, 
J. S., NYSTUEN, J. P. & PUIGDEFÀBREGAS, C. (2004). The Fluvial Analogue 
Escanilla Formation, Ainsa Basin, Spanish Pyrenees: Revisited, in American 
Association of Petroleum Geologists International Conference, Barcelona, Spain.  1-6. 

KNELLER, B. & MCCAFFREY (1999). Depositional effects of flow nonuniformity and 
stratification within turbidity currents approaching a bounding slope: deflection, 
reflection, and facies variation. Journal of Sedimentary Research, 69 (5),  980-991. 

KUENEN, H. (1953). Significant Features of Graded Bedding. AAPG bulletin, 37 (5),  1044-
1066. 

LABOURDETTE, R. & JONES, R. R. (2007). Characterization of fluvial architectural 
elements using a three-dimensional outcrop data set: Escanilla braided system, South-
Central Pyrenees, Spain. Geosphere, 3 (6),  422-434. 

LALUEZA, J. C. (2009). Guía de campo de los fósiles de Sobrarbe - Invertebrados y 
plantas, Centro de Estudios del Sobrarbe, 310 p. 

LECLAIR, S. F. & ARNOTT, W. C. (2005). Parallel lamination formed by high-density 
turbidity currents. Journal of Sedimentary Research, 75 (1),  1-5. 

MACEACHERN, J. A. & PEMBERTON, S. G. (1992). Ichnological aspects of Cretaceous 
shoreface successions and shoreface variability in the Western Interior Seaway of 
North America. In: Applications of Ichnology to Petroleum Exploration: SEPM, Core 
Workshop 17 (Ed. by Pemberton, S. G.), pp. 57-84. 

MARTINI, I. & SANDRELLI, F. (2015). Facies analysis of a Pliocene river-dominated 
deltaic succession (Siena Basin, Italy): Implications for the formation and infilling of 
terminal distributary channels. Sedimentology, 62, 234-265. 

MARTINS-NETO, M. A. & CATUNEANU, O. (2009). Rift sequence stratigraphy. Marine 
and Petroleum Geology, 27, 247-253. 

MATEU-VICENS, G., POMAR, L. & FERRÀNDEZ-CAÑADELL, C. (2012). Nummulitic 
banks in the upper Lutetian ‘Buil level’, Ainsa Basin, South Central Pyrenean Zone: 
the impact of internal waves. Sedimentology, 59, 527-552. 

MATLAB (2017). MATLAB R2016b. Version: 9.1.0. The MathWorks Inc., Natick, 
Massachusetts.  

MATTERN, F. (2002). Amalgamation surfaces, bed thicknesses, and dish structures in sand-
rich submarine fans: numeric differences in channelized and unchannelized deposits 
and their diagnostic value. Sedimentary Geology, 150, 203-228. 

MCCANN, T. & ARBUÉS, P. (2012). Deep-Marine sandstone provenance, Ainsa Basin, 
Southern Pyrenees, Spain. Zeitschrift der deutschen Gesellschaft für 
Geowissenschaften, 163, 185-201. 



	

	120 

MCCUBBIN (1982). Barrier-islands and strand-plain facies. In: M31 - Sandstone 
depositional environments (Ed. by Scholle, P. A. & Spearing, D.), 1st ed, American 
Association of Petroleum Geologists, pp. 247-279. 

MEY, P., NAGTEGAAL, P., ROBERTI, K. & HARTEVELT, J. (1968). Lithostratigraphic 
subdivision of post-Hercynian deposits in the south-central Pyrenees, Spain. Leidse 
Geologische Mededelingen, 41 (1),  221-228. 

MICROSOFT. (2017). Bing Maps [Online]. Available: https://www.bing.com/maps 
[Accessed 20.04 2017]. 

MITCHUM, R. M., VAIL, P. & THOMPSON III, S. (1977a). Seismic stratigraphy and 
global changes of sea level, Part 2: the depositional sequence as a basic unit for 
stratigraphic analysis In: Seismic Stratigraphy - Applications to Hydrocarbon 
Exploration. (Ed. by Payton, C. E.), American Assocciation of Petroleum Geologists 
Memoir nr. 26, pp. 53-62. 

MITCHUM, R. M., VAIL, P. R. & SANGREE, J. (1977b). Seismic Stratigraphy and Global 
Changes of Sea Level, Part 6: Stratigraphic Interpretation of Seismic Reflection 
Patterns in Depositional Sequences. In: Seismic Stratigraphy, Applications to 
Hydrocarbon Exploration (Ed. by Payton, C. E.), American Association of Petroleum 
Geologists, Memoir nr. 26, pp. 117-133. 

MULDER, T. & ALEXANDER, J. (2001). The physical character of subaqueous 
sedimentary density flows and their deposits. Sedimentology, 48, 269-299. 

MUÑOZ, J.-A., BEAMUD, E., FERNÁNDEZ, O., ARBUÉS, P., DINARÈS-TURELL, J. & 
POBLET, J. (2013). The Ainsa Fold and thrust oblique zone of the central Pyrenees: 
Kinematics of a curved contractional system from paleomagnetic and structural data. 
Tectonics, 32 (5),  1142-1175. 

MUÑOZ, J. A. (1992). Evolution of a continental collision belt: ECORS-Pyrenees crustal 
balanced cross-section. In: Thrust Tectonics (Ed. by Mcclay, K. R.), Springer 
Netherlands, Dordrecht, pp. 235-246. 

MUÑOZ, J. A., MCCLAY, K. & POBLET, J. (1998). The Ainsa basin and the Sobrarbe 
oblique thrust system: Sedimentological and tectonic processes controlling slope and 
platform sequences deposited synchronously with a submarine emergent thrust 
system. In: Field trip guidebook of the 15th International Association of 
Sedimentologists International Congress of Sedimentology (Ed. by Hevia, M. & 
Soria, A. R.), pp. 213-223. 

MUTTI, E. (1977). Distinctive thin-bedded turbidite facies and related depositional 
environments in the Eocene Hecho Group (South-central Pyrenees, Spain). 
Sedimentology, 24, 107-131. 

MUTTI, E. (1983). The Hecho Eocene submarine fan system, south-central Pyrenees, Spain. 
Geo-Marine Letters, 3 (2),  199-202. 

MUTTI, E., SEGURET, M. & SGAVETTI, M. (1988). Sedimentation and Deformation in 
the Tertiary Sequences in the Southern Pyrenees. American Association of Petroleum 
Geologists Mediterranean Basin Conference, Special Publication of the Institute of 
Geology of the University of Parma, 153 pp. 

MYERS, K. J. & MILTON, N. J. (1996). Concepts and Principles of Sequence Stratigraphy. 
In: Sequence Stratigraphy (Ed. by Emery, D. & Myers, K. J.), Blackwell Publishing, 
pp. 11-41. 

NAGY, J., TOVAR, F. J. R. & REOLID, M. (2016). Environmental significance of 
Ophiomorpha in transgressive-regressive sequence of the Spitsbergen Paleocene. 
Polar Research, 35, 1-15. 

NICHOLS, G. (2009). Sedimentology and Stratigraphy, Wiley-Blackwell, 432 p. 



	

	 121 

O'GRADY, D. B., SYVITSKI, J. P. M., PRATSON, L. F. & SARG, J. F. (2000). 
Categorizing the morphologic variability of silisiclastic passive continental margins. 
Geology, 28, 207-210. 

OGG, J. G., OGG, G. M. & GRADSTEIN, F. M. (2016). A Concise Geological Timescale, 
Elsevier, 240 p. 

OLARIU, C. & BHATTACHARYA, J. P. (2006). Terminal distributary channels and delta 
front architecture of river-dominated delta systems. Journal of Sedimentary Research, 
76, 212-233. 

ORI, G. G. & FRIEND, P. F. (1984). Sedimentary basins formed and carried piggyback on 
active thrust sheets. Geology, 12, 475-478. 

ORTON, G. J. & READING, H. G. (1993). Variability of deltaic processes in terms of 
sediment supply, with particular emphasis on grain size. Sedimentology, 40, 475-512. 

PAOLA, C., WIELE, S. M. & REINHART, M. A. (1989). Upper-regime parallel lamination 
as the result of turbulent sediment transport and low-amplitude bed forms. 
Sedimentology, 36, 47-59. 

PATRUNO, S., HAMPSON, G. J. & JACKSON, C. A. (2015a). Quantitative characterisation 
of deltaic and subaqueous clinoforms. Earth-Science Reviews, 142, 79-119. 

PATRUNO, S., HAMPSON, G. J., JACKSON, C. A. & DREYER, T. (2015b). Clinoform 
geometry, geomorphology, facies character and stratigraphic architecture of sand-rich 
subaqueous delta: Jurassic Sognefjord Formation, offshore Norway. Sedimentology, 
62, 350-388. 

PETERS, S. E. & LOSS, D. P. (2012). Storm and fair-weather wave base: A relevant 
distinction? Geology, 40 (6),  511-514. 

PICKERING, K. T. & BAYLISS, N. J. (2009). Deconvolving tectono-climatic signals in 
deep-marine siliciclastics, Eocene Ainsa basin, Spanish Pyrenees: Seesaw tectonics 
versus eustasy. Geology, 37 (3),  203-206. 

PICKERING, K. T. & CORREGIDOR, J. (2005). Mass-Transport Complexes (MTCs) and 
Tectonic Control on Basin-Floor Submarine Fans, Middle Eocene, South Spanish 
Pyrenees. Journal of Sedimentary Research, 75 (5),  761-783. 

PIRMEZ, C., PRATSON, L. F. & STECKLER, M. S. (1998). Clinoform development by 
advection-diffusion of suspended sediment: Modelling and comparison to natural 
systems. Journal of Geophysical Research, 103 (B12),  24,141-24,157. 

POSAMENTIER, H. W., ALLEN, G. P., JAMES, D. P. & TESSON, M. (1992). Forced 
Regressions in a Sequence Stratigraphic Framework: Concepts, Examples, and 
Exploration Significance. The American Association of Petroleum Geologists 
Bulletin, 76 (11),  1687-1709. 

POSAMENTIER, H. W., JERVEY, M. T. & VAIL, P. R. (1988). Eustatic controls on clastic 
deposition I – Conceptual framework. In: Sea-level changes: An integrated Approach 
(Ed. by Wilgus, B. S., Hastings, B. S., Kendall, C. G. S. C., Posamentier, H. W., 
Ross, C. A. & Van Wagoner, J. C.), Special Publications, Society of Economic 
Paleontologists and Mineralogists, 42, pp. 125-154. 

POSAMENTIER, H. W. & WALKER, R. G. (2006). Deep-water turbidites and submarine 
fans. In: Facies models revisited (Ed. by Posamentier, H. W. & Walker, R. G.), SEMP 
(Society for Sedimentary Geology), United States of America, pp. 527. 

POYATOS-MORÉ, M., JONES, G., D., BRUNT, R., HODGSON, D. M., WILD, R. J. & 
FLINT, S. S. (2016). Mud-dominated basin-margin progradation: processes and 
implications. Journal of Sedimentary Research, 86, 863-878. 

PUIGDEFÀBREGAS, C., MUÑOZ, J. A. & VERGÉS, J. (1992). Thrusting and foreland 
basin evolution in the Southern Pyrenees. In: Thrust Tectonics (Ed. by Mcclay, K. 
R.), Springer Netherlands, Dordrecht, pp. 247-254. 



	

	122 

PUIGDEFÀBREGAS, C. & SOUQUET, P. (1986). Tecto-sedimentary cycles and 
depositional sequences of the Mesozoic and Tertiary from the Pyrenees. 
Tectonophysics, 129, 173-203. 

QUIQUEREZ, A. & DROMART, G. (2006). Environmental control on granular clinoforms 
of ancient carbonate shelves. Geological Magazine, 143 (3),  343-365. 

RACEY, A. (2001). A review of Eocene nummulite accummulations: structure, formation 
and reservoir potential. Journal of Petroleum Geology, 24 (1),  79-100. 

RCORETEAM (2017). R: A Language and Environment for Statistical Computing. Version: 
3.3.2. R Foundation for Statistical Computing, Vienna, Austria. https://www.R-
project.org. 

REINECK, H.-E. & SINGH, I. (1980). Depositional Sedimentary Environments, Springer-
Verlag Berlin Heidelberg, 551 p. 

RICH, J. L. (1951). Three critical enviromnments of deposition and criteria for recognition of 
rocks deposited in each of them. Geological Society of America Bulletin, 62, 1-20. 

ROSS, W. C., HALLIWELL, B. A., MAY, J. A., WATTS, D. E. & SYVITSKI, J. P. M. 
(1994). Slope readjustment: A new model for the development of submarine fans and 
aprons. Geology, 22, 511-514. 

SANGREE, J. B. & WIDMIER, J. M. (1978). Seismic Stratigraphy and Global Changes of 
Sea Level, Part 9: Seismic Interpretation of Clastic Depositional Facies. AAPG 
bulletin, 62 (5),  752-771. 

SAVRDA, C. E. & BOTTJER, D. J. (1986). Trace-fossil model for reconstruction of palaeo-
oxygenation in bottom waters. Geology, 14 (1),  3-6. 

SCHLAGER, W. & ADAMS, E. W. (2001). Model for the sigmoidal curvature of submarine 
slopes. Geology, 29 (10),  883-886. 

SCHOMACKER, E. R., KJEMPERUD, A. V., NYSTUEN, J. P. & JAHREN, J. S. (2010). 
Recognition and significance of sharp-based mouth-bar deposits in the Eocene Green 
River Formation, Uinta Basin, Utah. Sedimentology, 57 (4),  1069-1087. 

SCOTCHMAN, J. I., BOWN, P., PICKERING, K. T., BOUDAGHER-FADEL, M., 
BAYLISS, N. J. & ROBINSON, S. A. (2015). A new age model for the middle 
Eocene deep-marine Ainsa Basin, Spanish Pyrenees. Earth-Science Reviews, 144, 10-
22. 

SHANMUGAM, G., SPALDING, T. D. & ROFHEART, D. H. (1993). Traction structures in 
deep-marine, bottom-current-reworked sands in the Pliocene and Pleistocene, Gulf of 
Mexico. Geology, 21, 929-932. 

SIMONS, D. B., RICHARDSON, E. V. & ALBERTSON, M. L. (1961). Flume Studies 
Using Medium Sand (0.45 mm), US Geological Survey United States, 76 p. 

SMITH, A. G., SMITH, D. G. & FUNNELL, M. (1994). Atlas of Mesozoic and Cenozoic 
Coastlines, Cambridge University Press, Cambridge, 112 p. 

SNEDDEN, J., W., NUMMEDAL, D. & AMOS, A. F. (1988). Storm-and fair-weather 
combined flow on the central Texas continental shelf. Journal of sedimentary 
Petrology, 58 (4),  580-595. 

STECKLER, M. S., MOUNTAIN, G. S., MILLER, K. G. & CHRISTIE-BLICK (1999). 
Reconstruction of Tertiary progradation and clinform development on the New Jersey 
passive margin by 2-D backstripping. Marine Geology, 154 (1-4),  399-420. 

STEEL, R. & OLSEN, T. (2002). Clinoforms, clinoform trajectories and deepwater sands In: 
Sequence Stratigraphic Models for Exploration and Production: Evolving 
Methodology, Emerging Models and Application Histories. Proceeding of the 22nd 
Annual Bob F. Perkins Research Conference (Ed. by Armentrout, J. M. & Rosen, N. 
C.), Society of Economic Paleontologists and Mineralogists (GCS-SEPM), pp. 367-
381. 



	

	 123 

SUTCLIFFE, C. & PICKERING, K. T. (2009). End-signature of deep-marine basin-fill, as a 
structurally confined low‐gradient clastic system: The Middle Eocene Guaso 
system, South-central Spanish Pyrenees. Sedimentology, 56 (6),  1670-1689. 

SWENSON, J. B., PAOLA, C., PRATSON, L., VOLLER, V. R. & MURRAY, A. B. (2005). 
Fluvial and marine controls on combined subaerial and subaqueous delta 
progradation: morphodynamic modelling of compound-clinoform development. 
Journal of Geophysical Research, 110, 1-16. 

VAN LUNSEN, H. A. (1970). Geology of the Ara-Cinca Region, Spanish Pyrenees, 
Province of Huesca. Geologica Ultraiectina, 16, 1-119. 

VAN WAGONER, J., POSAMENTIER, H., MITCHUM, R., VAIL, P., SARG, J., LOUTIT, 
T. & HARDENBOL, J. (1988). An overview of the fundamentals of sequence 
stratigraphy and key definitions. In: Sea-Level Changes: an Integrated Approach (Ed. 
by Wilgus, C. K., Hastings, B. S., Kendall, C. G. S. C., Posamentier, H. W., Ross, C. 
A. & Van Wagoner, J. C.), Special Publications of the Society of Paleontologists and 
Mineralogists, 42, pp. 39-45. 

VAN WAGONER, J. C., MITCHUM, R., CAMPION, K. & RAHMANIAN, V. (1990). 
Siliciclastic sequence stratigraphy in well logs, cores, and outcrops: concepts for high-
resolution correlation of time and facies. The American Association of Petroleum 
Geologists Methods in Exploration Series, No. 7,  55. 

VERGÉS, J., FERNÀNDEZ, M. & MARTÍNEZ, A. (2002). The Pyrenean orogen: pre-, syn-
, and post-collisional evolution. Journal of the Virtual Explorer, 8, 57-76. 

VIS, G.-J., COHEN, K. M., WESTERHOFF, W. E., TEN VEEN, J. H., HIJMA, M. P., VAN 
DER SPEK, A. J. F. & VOS, P. C. (2015). Paleogeography. In: Handbook of Sea-
Level Research (Ed. by Shennan, I., Long, A. J. & Horton, B. P.), John Wiley & 
Sons, pp. 600. 

WADSWORTH, J. A. (1994). Sedimentolgy and sequence stratigraphy in an oversteepened 
ramp setting: Sobrarbe formation, Ainsa Basin, Spanish Pyrenees. Doctor in 
Philosophy, University of Liverpool. 195. 

WORSLEY, D. & MØRK, A. (2001). The environmental significance of the trace fossil 
Rhizocorallium Jenense in the Lower Triassic of western Spitsbergen. Polar 
Research, 20 (1),  37-48. 

 

 





	

	 I 

Appendix 
Appendix I 
Data from excel (made digital from panorama picture by the use of GetData) used to plot the 

curves of the four clinoforms, and calculations and analyses in both R and MATLAB. 

CF1/CT1 CF2/CT2 CF4/CT3/4 CF5/CT5 
X (km) Y (km) X (km) Y (km) X (km) Y (km) X (km) Y (km) 
0,0000 0,0899 0,0800 0,1150 0,2509 0,1359 0,2327 0,1398 
0,0257 0,0907 0,0800 0,1150 0,2620 0,1362 0,2425 0,1404 
0,0237 0,0906 0,0800 0,1150 0,2759 0,1366 0,3424 0,1439 
0,0768 0,0899 0,1000 0,1154 0,2963 0,1372 0,3616 0,1442 
0,1071 0,0898 0,1200 0,1158 0,3203 0,1379 0,3844 0,1447 
0,1574 0,0887 0,1400 0,1164 0,3362 0,1383 0,4159 0,1449 
0,2215 0,0872 0,1600 0,1172 0,3479 0,1387 0,4380 0,1450 
0,2463 0,0866 0,1900 0,1180 0,3552 0,1388 0,4578 0,1451 
0,2483 0,0865 0,2100 0,1187 0,3674 0,1387 0,4718 0,1452 
0,2788 0,0856 0,2300 0,1192 0,3791 0,1386 0,4824 0,1454 
0,2909 0,0851 0,2600 0,1202 0,3949 0,1386 0,5032 0,1456 
0,3160 0,0831 0,2900 0,1208 0,4066 0,1385 0,5235 0,1457 
0,3387 0,0818 0,3100 0,1211 0,4234 0,1383 0,5349 0,1458 
0,3372 0,0831 0,3100 0,1212 0,4362 0,1383 0,5517 0,1459 
0,4020 0,0783 0,3400 0,1216 0,4532 0,1384 0,5459 0,1457 
0,4614 0,0753 0,3500 0,1217 0,4669 0,1382 0,5647 0,1458 
0,5135 0,0729 0,3600 0,1217 0,4830 0,1382 0,5765 0,1462 
0,5639 0,0703 0,3900 0,1216 0,4957 0,1382 0,5982 0,1460 
0,6304 0,0666 0,4300 0,1213 0,5148 0,1380 0,6355 0,1462 
0,6385 0,0666 0,4600 0,1209 0,5252 0,1380 0,6641 0,1466 
0,6672 0,0647 0,5000 0,1207 0,5425 0,1379 0,6969 0,1469 
0,6868 0,0621 0,5200 0,1205 0,5639 0,1379 0,7246 0,1470 
0,7316 0,0585 0,5400 0,1204 0,5733 0,1378 0,7573 0,1473 
0,7860 0,0536 0,5400 0,1205 0,5921 0,1378 0,7792 0,1469 
0,8166 0,0509 0,5700 0,1202 0,6013 0,1377 0,7813 0,1468 
0,8695 0,0463 0,5700 0,1202 0,6153 0,1376 0,7948 0,1467 
0,9122 0,0429 0,5900 0,1200 0,6280 0,1375 0,8129 0,1467 
0,9143 0,0428 0,6100 0,1199 0,6546 0,1375 0,8335 0,1464 
0,9399 0,0399 0,6200 0,1198 0,6696 0,1376 0,8547 0,1462 
0,9646 0,0382 0,6500 0,1196 0,6975 0,1374 0,8797 0,1456 
0,9667 0,0380 0,6700 0,1193 0,7112 0,1372 0,9016 0,1455 
1,0013 0,0345 0,6900 0,1192 0,7232 0,1371 0,9181 0,1455 
1,0187 0,0329 0,7100 0,1191 0,7385 0,1370 0,9312 0,1448 
1,0469 0,0306 0,7300 0,1188 0,7555 0,1371 0,9586 0,1440 
1,0690 0,0291 0,7400 0,1189 0,7647 0,1368 0,9815 0,1431 
1,0810 0,0284 0,7500 0,1187 0,7796 0,1363 1,0027 0,1422 
1,1335 0,0255 0,7600 0,1188 0,8023 0,1357 1,0482 0,1403 



	

	II 

1,1590 0,0241 0,7600 0,1186 0,8174 0,1352 1,0678 0,1394 
1,1610 0,0241 0,7700 0,1184 0,8466 0,1344 1,1329 0,1368 
1,1839 0,0227 0,7700 0,1179 0,8658 0,1338 1,1636 0,1356 
1,1860 0,0227 0,7800 0,1173 0,8876 0,1332 1,1960 0,1350 
1,1880 0,0226 0,7900 0,1166 0,9029 0,1329 1,2137 0,1345 
1,2138 0,0210 0,8000 0,1159 0,9172 0,1323 1,2304 0,1339 
1,2402 0,0199 0,8200 0,1147 0,9287 0,1322 1,2224 0,1344 
1,2544 0,0189 0,8400 0,1133 0,9428 0,1316 1,2416 0,1336 
1,2909 0,0171 0,8600 0,1120 0,9516 0,1312 1,2549 0,1331 
1,3165 0,0164 0,8700 0,1112 0,9605 0,1309 1,2570 0,1330 
1,3669 0,0138 0,8900 0,1095 0,9790 0,1302 1,2912 0,1324 
1,3649 0,0139 0,9200 0,1088 0,9933 0,1297 1,3046 0,1318 
1,3924 0,0124 0,9400 0,1081 1,0067 0,1292 1,3209 0,1314 
1,4422 0,0102 0,9500 0,1067 1,0210 0,1287 1,3516 0,1308 
1,5446 0,0051 0,9800 0,1044 1,0313 0,1282 1,3644 0,1301 
1,6206 0,0015 1,0000 0,1030 1,0623 0,1271 1,3764 0,1300 
1,6450 0,0000 1,0300 0,1007 1,0772 0,1263 1,3897 0,1296 

  
1,0300 0,1004 1,0908 0,1259 1,3997 0,1293 

  
1,0500 0,0986 1,1110 0,1252 1,4150 0,1289 

  
1,0700 0,0968 1,1272 0,1246 1,4253 0,1286 

  
1,1000 0,0949 1,1413 0,1240 1,4325 0,1285 

  
1,1200 0,0932 1,1521 0,1234 1,4522 0,1278 

  
1,1400 0,0916 1,1541 0,1234 1,4631 0,1276 

  
1,1600 0,0898 1,1623 0,1231 1,4820 0,1272 

  
1,1800 0,0878 1,1747 0,1226 1,5039 0,1264 

  
1,2200 0,0851 1,1888 0,1220 1,5222 0,1261 

  
1,2400 0,0835 1,2003 0,1216 1,5332 0,1257 

  
1,2700 0,0806 1,2105 0,1214 1,5478 0,1254 

  
1,2900 0,0775 1,2218 0,1208 1,5547 0,1253 

  
1,3300 0,0734 1,2467 0,1198 1,5824 0,1251 

  
1,3700 0,0698 1,2590 0,1195 1,5844 0,1253 

  
1,4200 0,0658 1,2820 0,1188 1,6046 0,1251 

  
1,4400 0,0640 1,3004 0,1183 1,6468 0,1237 

  
1,4800 0,0616 1,3173 0,1180 1,6552 0,1238 

  
1,5000 0,0603 1,3363 0,1173 1,6716 0,1232 

  
1,5200 0,0589 1,3540 0,1170 

  
  

1,5500 0,0580 1,3928 0,1159 
  

  
1,5600 0,0570 1,4351 0,1146 

  
  

1,5900 0,0559 1,4570 0,1140 
  

  
1,6000 0,0555 1,4749 0,1135 

  
  

1,6300 0,0545 1,5174 0,1124 
  

  
1,6600 0,0536 1,5519 0,1116 

  
  

1,6800 0,0525 1,5714 0,1109 
  

  
1,7000 0,0518 1,5754 0,1107 

  
  

1,7100 0,0517 1,6007 0,1101 
  

  
1,7300 0,0513 1,6309 0,1093 

  



	

	 III 

  
1,7500 0,0508 1,6655 0,1080 

  
  

1,7600 0,0504 1,6763 0,1076 
  

  
1,7800 0,0499 2,0337 0,0944 
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Appendix II – MATLAB-script 
%CF1/CT1 
fig = figure() 
set(fig,'color','white') 
plot(X,Y,'b*') %Values for clinoform slope (foreset) from "X- and Y- values 
for CF1" from Excel sheet 
hold on 
plot(X,Y,'r*') %Topset-values from "X- and Y-values for CF1" from Excel 
sheet 
hold on 
  
%Estimating curvatue for slope (foreset): 
fplot(@(s) 0.09938 - 0.09590*exp((-(s - 1.66633)^2) / (2 
*(0.72236^2))),[0,1.8])%Sigmoidal (Gaussian) formula estimated by the use 
of R 
hold on 
%Plotting the trendline for the topset of CT1 
fplot(@(x)-0.004*x+0.0902, [0,0.3])  
  
syms x 
assume(x,'real') 
%Giving a parameter name (f2) to the formula for the slope of CF1: 
f2= 0.09938 - 0.09590*exp((-(x - 1.66633)^2) / (2 *(0.72236^2))); 
  
%Calculating the inflection point 
a=diff(f2,x,2);%calculating the 2.derivative of the slope-formula 
a1=diff(f2); %calculating the 1.derivative of the slope-formula 
a0=vpasolve(a,x,[-0.5,2]); %Calculating when the 2.derivative is zero in an 
intervall between -0.5 and 2. 
plot(a0, subs(f2,x,a0),'r*') %Plotting the inflection angle 
  
%Calculating the point of maximum curvature 
K2 = a/((1+(a1)^2)^(3/2));%Formula for calculating the curvature 
j=diff(K2); %calculating the 1.derivative of the curvature formula 
j0=vpasolve(j,x,[0,a0]); %Calculating when the formula is zero (the point 
of maximum curvature) between 0 and the inflection point 
j1=vpasolve(j,x,[a0,2]); %Calculating when the formula is zero (the point 
of maximum curvature) between the inflection point and 2 
plot(j0, subs(f2,x,j0), '*g')%Plotting the upper maximum curvature point   
plot(j1,subs(f2,x,j1),'g*') %Plotting the lower rollover point 
  
%------------------------------------------------------------------------ 
%CF2/CT2 
  
fig = figure() 
set(fig,'color','white') 
plot(X1,Y1,'b*') %Values for clinoform slope (foreset) from "X- and Y- 
values for CF2" from Excel sheet 
hold on 
plot(X1, Y1)%Topset-values from "X- and Y-values for CF2" from Excel sheet 
  
%Estimating curvatue for slope (foreset): 
fplot(@(x) 0.04254 + 0.07733*exp((-(x - 0.64008)^2) / (2 
*(0.51277^2))),[0.6,2]); %Sigmoidal (Gaussian) formula estimated by the use 
of R. 
fplot(@(x) -0.0077*x+0.1246,[0.2,1]) %Trendline for the topset segment  
  
%Giving a parameter name (f) to the formula for the slope of CF2 
syms x 
f= 0.04254 + 0.07733*exp((-(x - 0.64008)^2) / (2 *(0.51277^2))); 
  
%Calculating the inflection point 
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h=diff(f,x,2); %calculating the 2.derivative of the slope-formula 
h1=diff(f); %calculating the 1.derivative of the slope formula 
h0=vpasolve(h,x,[0.6,2]); %Calculating when the 2. derivative is zero in an 
interval between 0.6 and 2 
plot(h0, subs(f,x,h0),'r*') %Plotting the inflection angle 
  
%Calculating the point of maximum curvature 
K = h/(1+(h1)^2)^(3/2);  %Formula for calculating the curvature 
i=diff(K); %Calculating the 1. derivative of the curvature formula 
i0=vpasolve(i,x,[0.6,h0]); %Calculating x when K=0 (the point of curvature) 
between 0.6 and the inflection point 
i1 = vpasolve(i,x,[h0,2]); %Calculating x when K=0 (the point of curvature) 
between the inflection point and 2 
plot(i0, subs(f,x,i0), '*g') %Plotting the upper maximum curvature point  
plot(0.7909,0.1166,'y*') % Calculated value for upper rollover point 
plot(i1,subs(f,x,i1),'g*') %Plotting the lower rollover point 
  
%------------------------------------------------------------------- 
% CF4/ CT3/4: 
  
fig = figure() 
set(fig,'color','white') 
plot(X2,Y2,'b*') %Values for clinoform slope (foreset) from "X- and Y-
values for CF4 
hold on 
plot(X2,Y2) %Topset-values from X- and Y-values for CF4 from Excel sheet 
hold on 
  
% Estimating curvature for slope (foreset): 
fplot(@(x) 0.6309*exp(-0.0554*x)-0.4680,[0.6,2.2]) %Linear formula 
estimated by the use of R 
hold on  
  
%Plotting the trendline for the topset of CF4 
fplot(@(x)-0.0042*x+0.1402,[0.2,0.9])  
hold on 
  
% Calculating the point of maximum curvature: 
syms x 
fa=-0.03262*x+0.16157; %Foreset 
pa=-0.0042*x+0.1402; %Topset 
plot(0.751935, 0.137041,'m*') %Intersection point between topset & foreset 
(point of maximum curvature) 
  
  
  
%--------------------------------------------------------------------- 
%CF5/CT5: 
  
fig = figure() 
set(fig,'color','white') 
plot(X3,Y3,'b*') % Values for clinoform slope (foreset) from "X- and Y-
values for CF5" from Excel sheet 
hold on 
plot (X3,Y3) % Plotting "corrected" topset 
plot(GreenPositive,VarName102,'r') %Topset-values from "X- and Y-values for 
CF5" from Excel sheet 
  
% Estimating curvature for slope (foreset): 
fplot(@(x) 0.12143 + 0.02621*exp((-(x - 0.69498)^2) / (2 
*(0.44548^2))),[0.7,2]) 
  
% Plotting the trendline for the topset of CT5: 



	

	VI 

fplot(@(x)0.1473, [0.2,1])  
fplot(@(x) -0.0025*x+0.1493,[0.2,1]) %Trendline for "corrected" topset 
  
syms x 
assume(x, 'real') 
%Giving a parameter name (f3) to the formula for the slope of CF5 
f3= 0.12143 + 0.02621*exp((-(x - 0.69498)^2) / (2 *(0.44548^2))); 
  
% Calculating the inflection point 
b=diff(f3,x,2); %Calculating the 2. derivative of the slope-formula 
b1=diff(f3); % Calculating the 1. derivative of the slope-formula 
b0=vpasolve(b,x,[0.5,2]); %Calculating when the 2. derivative is zero in an 
interval between 0.5 and 2 
plot(b0, subs(f3,x,b0),'r*') %Plotting the inflection angle 
  
K = b/(1+(h1)^2)^(3/2); % Formula for calculating the curvature 
g=diff(K); 
g0=vpasolve(g,x,[0.5,b0]); % Calculating x when K=0 (the point of 
curvature) between 0.5 and the inflection point 
g1=vpasolve(g,x,[b0,3]); % Calculating x when K=0 (the point of curvature) 
between 0.6 and the inflection point 
plot(g0,subs(f3,x,g0),'*g') % Plotting the upper maximum curvature point 
plot(g1,subs(f3,x,g1),'g*') % Plotting the lower maximum curvature point 
plot(0.876556, 0.14579,'m*') % Estimated upper rollover point 
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Appendix III – R-script 
Importing data from Excel: 
library(gdata) 
data <- read.csv("Excel-file.csv",skip=1,dec=",") 
 
Inform the program which columns the x- and y-values can be extracted from: 
dd <- data.frame(x=data[,2],y=data[,3])  
 
Plot the data extracted from Excel:  
plot(dd) 
 
Try to fit the data with a linear slope: 
fit <- lm(y~x,data=dd)  
abline(fit$coef) 
 
Try to fit the data with an exponential slope: 
fit2 <- nls(y~a*exp(-b*x)+c,data=dd,start=list(a=0.3,b=0.2,c=-0.3)) 
lines(dd$x,fit2$m$predict(dd),col=2) 
 
Try to fit the data with an exponential slope 
fit3 <- nls(y~a+b*exp(-(x-c)^2/(2*d^2)),data=dd,start=list(a=1,b=1,c=1,d=1)) 
lines(dd$x,fit3$m$predict(dd),col=3) 
 
Using AIC (Akaikes information criteria) to find the best fit: 
AIC(fit,fit2,fit3) 
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Appendix IV – Log legend 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	

	 IX 

 

 

 

 

 

 

 

 

 

Appendix V – Log 1 
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Appendix VI – Log 2 
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Appendix VII – Log 3 
 

 

 

 

 

 

 

 

 

 

 

 



	

	 XXIX 

 



	

	XXX 

 



	

	 XXXI 

 



	

	XXXII 

 



	

	 XXXIII 
 



	

	XXXIV 

 



	

	 XXXV 

 



	

	XXXVI 
 



	

	 XXXVII 
 



	

	XXXVIII 

 

 

 

 

 

 

 

 

 

Appendix VIII – Log 4 
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