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Abstract 

Geometrical and sedimentological characteristics of laterally continuous low-angle deposits 

were investigated in Late Triassic successions of the De Geerdalen Formation in southwest 

Edgeøya, east Svalbard. Integration of 3D photogrammetry with outcrop data reveals 

signatures of a tide-dominated delta front prograding from the southeast. It formed part of 

an extensive deltaic coastline that advanced onto the submerged Edgeøya platform during 

the Late Carnian.   

Based on vertically stacked facies associations, a cross-shore transect with defined 

subenvironments was reconstructed. It shows that the delta system supported two 

depocentres at opposite ends of a shallow subaqueous platform. Distal compound-dune 

complexes on the outer platform were separated by a zone of sediment bypass from 

proximal tidal-bar and channel networks at the subaerial delta front. Sediment that escaped 

the proximal depozone was transported offshore by strong cross-shore and longshore 

currents until energy declined in distal portions. These currents sustained the low-angle 

geometry of deposited clinothems with a wide and shallow delta-front platform. During 

delta progradation, they caused channel incision into distal compound-dune packages. The 

particularly shallow setting in front of a fluvial system is evidenced by subaerial exposure of 

distal bedforms and diminished ichnofaunal diversity throughout the section. Increasing 

gradients of measured flooding surfaces from distal dune to proximal bar units mark the 

transition from subhorizontal delta-front platform to gently sloping subaerial delta front. 

Sedimentological and geometrical features of low-angle deposits in southwest Edgeøya 

support the concept of compound clinothems with a proximal subaerial and distal 

subaqueous rollover, spatially separated by an extensive shallow delta-front platform. Tidal 

dominance shaped the system which evolved during relative sea-level highstand. It differs 

significantly from a precedent forced regressive phase and provides information on the 

spatiotemporal variability of deltaic shorelines. 

 

 

  



IV 

 

Acknowledgements 

First and foremost, I extend my thanks to my supervisors, Ingrid Anell and Alvar Braathen, 

who supported me academically and administratively throughout the project. Thank you for 

giving me the opportunity to complete my masters at UNIS by studying the Triassic on 

Edgeøya and participating in the Trias North project. 

My thanks is further extended to the Research Council of Norway (RCN) and the support 

team that financed the field work on Edgeøya as part of the Trias North project 

(Reconstructing the Triassic Northern Barents shelf; basin infill patterns controlled by gentle 

sags and faults). 

Finally, I want to thank my friends Lottie Miller, Mark Mulrooney, Tore Klausen and Beyene 

Haile for productive days in the field and for providing me with additional data and 

information.  

Thank you! 



V 

 

Contents 

1 Introduction ........................................................................................................................ 1 

2 Geological background ....................................................................................................... 2 

2.1 Palaeogeographic framework ..................................................................................... 2 

2.2 Triassic stratigraphy of Edgeøya .................................................................................. 4 

2.3 Triassic depositional environments of Svalbard .......................................................... 6 

2.3.1 Evolution of depositional environments across Svalbard .................................... 6 

2.3.2 Controls on Triassic depositional environments of Svalbard ............................. 10 

3 Clinoforms ........................................................................................................................ 12 

3.1 Nomenclature and geometrical classification ........................................................... 13 

3.2 Local controls on clinoform geometry ...................................................................... 15 

3.2.1 Water depth, hydrodynamics and fluvial impact ............................................... 15 

3.2.2 Sediment supply and internal fabric .................................................................. 18 

3.2.3 Substrate and pre-existing topography ............................................................. 20 

3.3 Regional control on clinoform geometry .................................................................. 20 

3.3.1 Clinothem stacking patterns and shoreline trends ............................................ 21 

3.3.2 Rollover trajectories and depositional architecture .......................................... 22 

3.4 General trends ........................................................................................................... 24 

4 Study area & methods ...................................................................................................... 25 

4.1 Photogrammetric data .............................................................................................. 25 

4.2 Sedimentological field data ....................................................................................... 28 

5 Results .............................................................................................................................. 29 

5.1 Lateral and vertical subdivision ................................................................................. 29 

5.2 3D architecture in photogrammetry ......................................................................... 32 

5.2.1 Large-scale geometries ...................................................................................... 32 

5.2.2 Small-scale features ........................................................................................... 34 

5.3 Sedimentological characteristics ............................................................................... 39 

5.3.1 Palaeocurrent directions .................................................................................... 39 

5.3.2 Facies description and interpretation ................................................................ 39 

5.3.3 Vertical facies trends .......................................................................................... 56 

5.3.4 Lateral facies distribution in the upper section ................................................. 58 



VI 

 

6 Facies associations ........................................................................................................... 60 

6.1 Facies associations overlying the draping shale ........................................................ 60 

6.1.1 Facies association FA-I – Delta-front platform ................................................... 61 

6.1.2 Facies association FA-II – Sand sheets and compound dunes ........................... 61 

6.1.3 Facies association FA-III – Tidal-bar and tidal-channel complexes .................... 72 

6.1.4 Facies association FA-IV – Sheltered tidal flats .................................................. 80 

6.2 Facies associations underlying the draping shale ..................................................... 88 

6.2.1 Facies association FA-V – Prodelta, delta slope ................................................. 89 

6.2.2 Facies association FA-VI – Mixed-energy channels, mouth bars ....................... 91 

6.2.3 Facies association FA-VII – Tide-influenced fluvial channels ............................. 93 

7 Palaeoenvironmental model ............................................................................................ 96 

7.1 Depositional subenvironments of a tide-dominated delta front .............................. 96 

7.2 Correlation across Edgeøya ..................................................................................... 100 

8 Sequence-stratigraphic implications .............................................................................. 104 

8.1 Stage 1: Forced regression and sea-level lowstand (FRST and LST) ........................ 105 

8.1.1 A condensed section – base-level fall and fluvial dominance ......................... 106 

8.1.2 Sediment redistribution induced by sea-level fall ........................................... 110 

8.2 Stage 2: Transgression and sea-level highstand (TST and HST) .............................. 112 

8.2.1 A drowning delta .............................................................................................. 112 

8.2.2 A new style of progradation – compound clinoforms and tide-dominance .... 113 

8.2.3 Platform times two: sea-level fluctuations and compound-clinothems ......... 114 

8.3 The Late Triassic on Edgeøya – a short chronology ................................................ 118 

9 Compound clinothems in the Uralian foreland basin .................................................... 119 

9.1 Quantifying compound-clinothem geometry .......................................................... 120 

9.2 Morphodynamics of compound clinothems ........................................................... 122 

9.3 The role of the Uralides ........................................................................................... 124 

10 Conclusion ...................................................................................................................... 127 

11 References ...................................................................................................................... 129 

Appendix................................................................................................................................. 145 

 

 

  



1 

 

1 Introduction 

The archipelago of Svalbard represents an uplifted part of the northwest Barents Shelf (Fig.1) 

that gives the unique opportunity for onshore studies of widely submerged strata. Detailed 

descriptions of facies architecture and correlation with offshore units improve the resolution 

of seismic data and provide valuable information in terms of hydrocarbon reservoir 

predictions. 

During the Triassic, multiple generations of clinothems were deposited across the Barents 

Shelf by a northwestward advancing deltaic belt. Ancient shoreline positions are well 

established by seismic surveys but internal dynamics, changes in depositional systems and 

environmental controls are poorly constrained. Substantial depth limitations in the shallow 

platform setting of East Svalbard must have affected the geometry of deposited clinothems. 

The purpose of this case study is to investigate how a prograding delta system responds 

when it advances onto a submerged topographic high and how signals are preserved in the 

rock record. A profound understanding of cause and effect of environmental controls such 

as available space for deposition, inherited sea-floor gradient and topography, sediment flux 

and ambient hydrodynamic regime will improve the quality of onshore-offshore correlations.  

 

Figure 1. The Barents Sea area with the archipelago of Svalbard at its northwestern margin (modified from 
Norman Einstein, 2005 Link0). 
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2 Geological background 

2.1 Palaeogeographic framework 

During the Triassic, the Barents Sea formed part of an epicontinental embayment of the 

Panthalassa Ocean north of Pangaea (Fig.2; Riis et al., 2008; Torsvik et al., 2012; Vernikovsky 

et al., 2013). Svalbard was located at the western margin of the Barents Shelf which was 

bordered by Laurentia (including Greenland) in the west, Baltica in the south and Siberia in 

the west (Fig.2). The assembling process of the supercontinent Pangaea was highly 

diachronous covering a time interval from Late Carboniferous to Early Jurassic (Scotese, 

2001; Blakey, 2003; Torsvik et al., 2012). During this episode, the archipelago of Svalbard 

experienced rapid north migration covering a distance of more than 1500 km from ~ 40° to 

55° N (Fig.3; Aga and Worsley, 1986; Harland, 1997; Elvevold, 2007;Piepjohn et al., 2012). 

 

Figure 2. A – Global palaeogeographic reconstruction of the Mid-Triassic modified from Blakey, NAU (Link1). 
Red dot marks the approximate location of Svalbard. B – Regional framework on the Barents Shelf at the 
Permian-Triassic boundary compiled from Cocks & Torsvik (2007) and Riis et al. (2008 ) (red hatching = place of 
evolving Pay-Khoy orogen, arrows = directions of sediment input, FJL – Franz Josef Land, NBB – North Barents 
Basin, NZ – Novaya Zemlya, PK – Pay-Khoy fold- and-thrust belt, SSB – South Barents Basin, SZ – Severnaya 
Zemlya). 
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Figure 3. Perceived north migration of Svalbard throughout time after Elvevold (2007). Note: Prevailing 
temperate climate during the late Triassic. 

At the eastern rim of the Barents Shelf, the West Siberian boundary developed from a 

passive transform margin into an active orogenic front giving rise to the modern Ural 

Mountains (Fig.2; Ziegler, 1988; Sears, 2012). Tectonic reconstructions point towards 

orogenic activity in the south significantly predating those in the north (Puchkov, 2002; 

Torsvik et al., 2008; Curtis and Bogolepova, 2013). In southern segments, the Uralian 

orogeny culminated in the Permo-Carboniferous (Uralides sensu stricto) whereas in the 

northern Novaya Zemlya and Taimyr region, convergence continued until as late as the 

Jurassic (Puchkov, 2002; Cocks & Torsvik, 2007). The amalgation of multiple terranes and 

microplates is responsible for a complex tectonic history of the northern Pay-Khoy Fold-and-

Thrust belt (Fig.2; Curtis & Bogolepova, 2013; Vernikovsky et al., 2013). Svalbard was located 

at the distal northwestern margin of its western foreland basin.  Ongoing folding and 

thrusting in the east affected Triassic sedimentary systems on the Barents Shelf including 

Svalbard in terms of sediment supply from the east-southeast (Fig.2; Mørk, 1999; Smelror et 

al., 2009; Høy & Lundschien, 2011; Bue & Andresen, 2013). Eastern basins of the proximal 

foreland experienced rapid subsidence due to crustal loading (O’ Leary et al., 2004; Worsley, 

2008; Smelror et al., 2009). The western Barents Shelf, however, has long been considered 

tectonically quiescent during the Triassic after Permo-Carboniferous rifting had terminated 

(Mørk et al., 1982; Harland, 1997; Riis et al., 2008; Worsley, 2008; Glørstad-Clark et al., 2010, 

2011; Høy & Lundschien, 2011). Recently described minor movement along pre-existent 

reactivated faults in Triassic successions of Edgeøya challenges this assumption (Anell et al., 
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2013; Osmundsen et al., 2014). It is interpreted as distant foreland deformation in response 

to crustal loading in the east which promoted tectonically controlled subsidence even in 

distal areas (Gudlaugsson et al., 1998; Anell et al., 2013; Osmundsen et al., 2014). 

2.2 Triassic stratigraphy of Edgeøya 

Due to its defined platform character, Edgeøya faced a late onset of Triassic marine 

sedimentation which postdated flooding at other Svalbard sites significantly (Mørk et al., 

1982, 1999; Lundschien et al., 2014; Vigran et al., 2014). Triassic successions of Eastern 

Svalbard rest unconformably on Permian limestone and siliceous shale of the Kapp Starostin 

Formation (Harland, 1997; Mørk et al., 1999; Mørk & Worsley, 2006; Worsley, 2008). This 

hiatus is overlain by the early to mid-Triassic Sassendalen Group (Vikinghøgda and Botneheia 

Fm.) and upper Triassic Kapp Toscana Group (Tschermakfjellet and De Geerdalen Fm.) (Fig.4; 

after Mørk et al., 1999).  

Siliciclastic lithologies dominate throughout the Triassic stratigraphy of Svalbard. Sandstone-

mudstone alternations compose repeated coarsening-upward cycles that document multiple 

phases of delta advance (Mørk et al., 1989; Mørk & Worsley, 2006).  

 

Figure 4. Triassic stratigraphy of Svalbard and adjacent offshore areas (from Vigran et al., 2014).Note: Youngest 
deposits on Edgeøya are dated as Late Carnian. 



5 

 

Shale and siltstone of the Sassendalen Group account for ca. 200-300 m of Triassic 

successions in eastern Svalbard (Fig.5a; Harland, 1997; Mørk et al., 1999; Krajewski, 2008). 

On Edgeøya, its lower boundary is dated as Olenekian (Vigran et al., 2014). The basal 

Vikinghøgda Formation was deposited in a deep shelf setting (Mørk et al., 1999). It passes 

into more organic-rich dark shale and siltstone of the Anisian to Ladinian Botneheia 

Formation (Fig.4).  A total organic content of 10 % shows that the inferred open marine 

environment experienced phases of restricted circulation and dysoxic conditions, a possible 

result of relative sea-level rise (Mørk et al., 1999; Krajewski, 2008; Worsley, 2008; 

Lundschien et al., 2014). Its high hydrocarbon potential qualifies the Botneheia Fm. as one of 

the best source rocks of Svalbard (Mørk and Bjorøy, 1984; Mørk et al., 1999; Krajewski, 

2008; Worsley, 2008; Lundschien et al., 2014).  

Towards western Svalbard, total thickness of the Sassendalen Group and the abundance of 

sandstone intercalations increase (Fig.5a).  Corresponding formations (Vardebukta, 

Tvillingodden, Bravaisberget Fm.) exhibit more proximal facies associations (Mørk et al., 

1982, 1999; Harland, 1997; Vigran et al., 2014) which illustrates the more distal location of 

Edgeøya to a sediment source near western Spitsbergen.  

 

Figure 5. Isoach maps visualising the thickness distribution of A – the Early and Mid-Triassic Sassendalen Group 
and B – the Late Triassic Kapp Toscana Group (modified from Harland, 1997). Note: In A, westward thickening, 
in B, eastward thickening. 

The more sandstone-rich Late Triassic Kapp Toscana Group reaches more than 475 m 

thickness in Eastern Svalbard (Fig.5b; Harland, 1997; Mørk et al., 1999). Its contact to 

underlying cliff-forming shales of the Sassendalen Group is sharp but conformable (Harland, 
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1997; Mørk et al., 1999; Vigran et al., 2014). The Early Carnian Tschermakfjellet Formation 

comprises prodeltaic shale that coarsens upward (Mørk et al., 1999; Vigran et al., 2014). Its 

upper boundary is defined by the first prominent sandstone unit which is attributed to the 

Late Carnian to Early Norian De Geerdalen Formation (Mørk et al., 1999). On Edgeøya, 

youngest successions were dated as Late Carnian (Vigran et al., 2014). They comprise well 

defined coarsening-upward cycles from mudstone to sandstone that reflect the dynamics of 

a prograding delta system in a nearshore environment (Knarud, 1980; Mørk et al., 1999; Rød 

et al., 2014; Vigran et al., 2014). The sandstones are relatively immature (Mørk et al., 1982, 

1999; Worsley, 2008; Vigran et al., 2014) but locally, thick packages form prominent cliffs.  

In contrast to underlying units, the Kapp Toscana Group thickens towards the east of 

Svalbard (Fig.5b; Harland, 1997; Mørk et al., 1999; Vigran et al., 2014). Younger delta-top 

deposits of latest Carnian to Norian age are preserved at Hopen, southeast of Edgeøya 

(Klausen & Mørk, 2014; Lord et al., 2014; Vigran et al., 2014). Successions in Central 

Spitsbergen contain more distal associations whereas localities in the west of the island 

display again a more proximal environment (Knarud, 1980; Mørk et al., 1982; Lundschien et 

al., 2014; Rød et al., 2014). These observations form the basis for palaeoenvironmental 

reconstructions that illustrate two independent coastal systems prograding from opposite 

directions, from the east respectively west, during the Late Triassic (see 2.3.1; Mørk et al., 

1982; Ziegler, 1988; Aga & Worsley, 1986; Harland, 1997; Riis et al., 2008; Smelror et al., 

2009; Glørstad-Clark et al., 2010). 

2.3 Triassic depositional environments of Svalbard 

The Triassic lithostratigraphy of Svalbard reflects different trends in the spatiotemporal 

evolution of sedimentary system. Compilation and correlation of onshore sedimentological, 

offshore seismic and core data provided the basis for palaeoenvironmental reconstructions 

in previous studies. 

2.3.1 Evolution of depositional environments across Svalbard 

During the early and mid-Triassic, shallow to deep-water shelf conditions prevailed over 

most of Svalbard with an overall transgressive trend culminating in the Anisian (Mørk & 

Smelror, 2001; Pčelina & Korčinskaja, 2008; Vigran et al., 2014). Some distinct topographic 

highs, such as the central Edgeøya platform, were subject to fairly late flooding which did 

not occur until the Olenekian (Fig.4,6; see 2.2; Vigran et al., 2014). Transport of continent-

derived clastics was primarily directed eastward in a delta system prograding from 

Greenland towards western Spitsbergen (Fig.7a; Aga & Worsley, 1986; Harland, 1997; Mørk, 

1999; Ziegler, 1988; Riis et al., 2008; Smelror et al., 2009; Lundschien et al., 2014). At that 
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time, eastern parts of Svalbard were characterised by a restricted, poorly ventilated deep 

shelf regime with recurrent episodes of anoxic conditions, preserved as mid-Triassic organic-

rich mudstone and shale of the Botneheia Formation (see Fig, 2.2; Mørk et al., 1982; 

Krajewski, 2008; Smelror et al., 2009; Lundschien et al., 2014; Vigran et al., 2014). 

 

Figure 6. Bathymetric map of the Barents Sea, top of Permian (modified from Henriksen et al., 2011). Note the 
pronounced platform morphology of Edgeøya and Svalbard. 

At the mid to late Triassic transition, the infill of the Uralian foreland advanced far onto the 

Barents Shelf with a NE-SW trending coastline approaching Svalbard from the southeast 

(Fig.7b; Riis et al., 2008; Worsley, 2008; Smelror et al., 2009; Glørstad-Clark et al., 2010, 

2011; Høy & Lundschien, 2011; Anell et al., 2014b; Lundschien et al., 2014; Klausen et al., 

2015). The expanding coastal plain is documented by prograding clinoforms (Riis et al., 2008; 

Smelror et al., 2009; Glørstad-Clark et al., 2010, 2011; Høy & Lundschien, 2011; Anell et al., 

2014b), regional regression (Smelror et al., 2009; Nagy et al., 2011; Lundschien et al., 2014), 

palaeocurrent measurements (Knarud, 1980; Høy & Lundschien, 2011; Rød et al., 2014) and 

major changes in provenance from a formerly western (Laurentian) to a dominating 

southeastern source area (Pay-Khoy fold belt, northern Uralides) (Mørk, 1999; Smelror et al., 

2009; Bue & Andresen, 2013; Miller et al., 2013).  A coeval shift of depocentres from 

western Spitsbergen eastward is depicted in the thickness distribution of the Kapp Toscana 
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Group (Fig.5b; see 2.2; Mørk et al., 1982; Aga & Worsley, 1986; Harland, 1997; Vigran et al., 

2014). 

In the Carnian, western central Spitsbergen resembled a narrow, high energy seaway framed 

by fluviodeltaic belts in the east and west (Fig.7c; Mørk et al., 1982; Aga & Worsley, 1986; 

Ziegler, 1988; Riis et al., 2008; Smelror et al., 2009). Recent studies show the delta system 

fed from the southeast extended far northwest over large parts of eastern Svalbard (Høy & 

Lundschien, 2011; Lundschien et al., 2014; Rød et al., 2014; Klausen et al., 2015). Within an 

overall regressive trend (Mørk  & Smelror, 2001; Smelror et al., 2009; Nagy et al., 2011; 

Mueller et al., 2014), these eastern islands witnessed repeated minor marine incursions with 

subsequent renewed coastal progradation and increasing sediment supply from the east 

(Mørk et al., 1982; Smelror et al., 2009). The late Triassic depositional environments of 

Edgeøya are thus interpreted to represent prodelta to delta-front and delta-top settings of a 

dynamic fluvial dominated marginal marine system producing small-scale coarsening upward 

cycles (Mørk et al., 1982, 1999; Aga & Worsley, 1986; Harland, 1997; Rød et al., 2014; Vigran 

et al., 2014). 
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Figure 7. Reconstruction of Triassic depositional environments of the western Barents Sea (modified from Riis et 
al., 2008). Note: While sediment influx from the west towards Svalbard is reduced, a deltaic shoreline advances 
from the southeast causing a shift in provenance during the Late Triassic. 
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2.3.2 Controls on Triassic depositional environments of Svalbard 

Local depositional environments developed in response to ambient influencing factors on 

different scales. In the following, global, regional and local controls on sedimentary systems 

in the northwest Barents Sea during the Triassic, with a focus on Eastern Svalbard, are 

compiled. 

Global controls  

In combination with regional and local factors, eustatic sea-level fluctuations have significant 

impact on the evolution of base level. Changes in sea level affect the balance between 

accommodation and sediment supply which induces spatiotemporal shifts in depositional 

systems. Global sea-level curves show that recurrent cycles of sea-level rise and fall occur 

during the deposition of the Sassendalen and Kapp Toscana Group (Fig.8; Haq et al., 1987; 

Ruban, 2015). Triassic high-order sequence boundaries can not only be traced throughout 

the Barents Sea and Arctic realm, but correlated with those of numerous boreal sites (Mørk, 

1994; Embry, 1997; Mørk & Smelror, 2001; Vigran et al., 2014). With respect to the 

assembled supercontinent Pangaea, Embry (2006) relates the supra-regional nature of sea-

level fluctuations to global mantle-induced tectonic mechanisms following a model of Collins 

& Bon (1996). 

 

Figure 8. Global sea-level curve for the Middle and Late Triassic (after Ruban, 2015, combined with the 
stratigraphic chart from Vigran et al., 2014) (De Geerd. = De Geerdalen Fm., Tscherm. = Tschermakfjellet Fm.). 
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Regional controls  

Most important regional factors include climate and tectonics of the Barents Shelf and 

adjacent areas. During the Triassic, Pangaea drifted rapidly towards the north (Fig.3). The 

prevailing regional climate of the Barents Shelf changed gradually from warm arid to more 

temperate humid conditions in the late Triassic (Harland, 1997; Pčelina & Korčinskaja, 2008; 

Mueller et al., 2014; Vigran et al., 2014; Stensland, 2012; Enga, 2015). Climate determines 

the efficiency of physical and chemical weathering, subsequent denudation and the 

discharge of drainage systems.   

Sediment load is further controlled by tectonic activity in the hinterland. Propagating 

northern segments of the Uralides east of the Barents Shelf (Pay-Khoy orogen) supplied a 

deltaic system that advanced west-northwestward and reached Svalbard by the late Triassic 

(Fig.2,7; Mørk, 1999; Smelror et al., 2009; Høy & Lundschien, 2011; Bue & Andresen, 2013). 

Subsidence in response to crustal loading was most pronounced in the proximal foreland on 

the eastern Barents Shelf (O’Leary et al., 2004; Worsley, 2008; Smelror et al., 2009).  

However, there is growing evidence for a distal stress field related to Uralian foreland 

deformation that may have also affected eastern Svalbard (see 2.1; Gudlaugsson et al., 1998; 

Anell et al., 2013; Osmundsen et al., 2014). It was postulated that minor normal movement 

along reactivated deeper-seated faults could have promoted local failure of overlying units 

as expressed in observed listric growth faults at Kvalpynten on Edgeøya (Edwards, 1976; 

Anell et al., 2013). 

Local controls  

Svalbard and Edgeøya formed structural highs already during the Triassic (Fig.6; Henriksen et 

al., 2011; Anell et al., 2014a, 2016; Vigran et al., 2014). Due to their positive relief, these 

platforms were more prone to subaerial exposure at the Permo-Triassic boundary (Vigran et 

al., 2014) and intensified marine modulation in a late Triassic shallow marine environment 

(Rød et al., 2014). Local hydrodynamics define the balance between marine and terrestrial 

factors in a nearshore environment and thus, control the architecture and composition of 

deposited units.  

In this context, differential compaction represents a counteracting local factor that facilitates 

syndepositional subsidence. 
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3 Clinoforms 

The term “clinoform” was first introduced by Rich (1951) for “the sloping [depositional] 

surface in a standing water body subject to wave action”. It marks the transition from 

“undaform” shallow water to “fondoform” basinal morphologies. Rich’s concept gained 

considerable attention in seismic stratigraphy and was adapted by the AAPG in 1977. 

Mitchum (1977) defines clinoform as “a sloping depositional surface commonly associated 

with strata prograding into deep water”. 

Clinoforms occur at different spatial scales, typically in delta front, shelf slope and 

continental margin settings (Fig.9; Helland-Hansen & Gjelberg, 2012; Henriksen et al., 2009; 

Patruno et al., 2015a). The corresponding sediment package, the clinothem (Rich, 1951), is 

composed of laterally interfingering facies that display gradual variation in deposition depth. 

Due to lateral shifts in associated environments over time, neighbouring facies can be 

stacked in vertical succession (Fig.9; Walther’s law).This process is driven by changes in 

relative sea level and sediment supply which, in turn, control the evolution of 

accommodation space, i.e. the space potentially available for deposition. 
 

 

Figure 9 Different types and scales of clinoforms; shifts in facies belts during major flooding (SL1) and rapid 
progradation (SL2) indicated in orange respectively blue; Note: Presence of subaqueous delta-scale clinoforms 
at SL1; coinciding shoreline and shelf break in shelf edge deltas (modified from Helland-Hansen & Hampson, 
2009; Patruno et al., 2015a). 
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3.1 Nomenclature and geometrical classification 

Observations on clinoform geometry are largely based on seismic data visualising the 

architecture of subsurface sedimentary successions. Internal unconformities generate strong 

reflectors due to distinct contrasts in acoustic impedance between successive lithologies. 

Reflector terminations – namely toplap, offlap, downlap, onlap and erosional truncation – 

are indicative of discordant relationships (Fig.10) 

 

Figure 10. Seismic terminations and their occurrence (modified from Catuneanu, 2002). 

In the modern understanding, clinoforms comprise an upper proximal segment, the topset, a 

central section of maximum inclination, the foreset, and a lower distal leg, the bottomset 

(Fig.11). The main break in slope between topset and foreset is the upper point of maximum 

slope curvature, the clinoform rollover (or offlap break) (Fig.11). Its spatiotemporal 

migration is depicted in trajectory lines connecting rollover points of successive clinoforms 

(Fig.11). An overview over key parameters and geometrical criteria for quantitative 

descriptions of clinoforms and clinothems is given in figure 3 (Pirmez et al., 1998; Adams & 

Schlager, 2000; Anell & Midtkandal, 2015; Patruno et al., 2015a). 

 

Figure 11. Important geometric parameters for describing clinoform architecture; arrows indicate spatial 
variation of sediment accumulation (modified from Walsh et al., 2004; Anell & Midtkandal, 2015; Patruno et al., 
2015a). 
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Approaches targeting a comprehensive classification of naturally occurring geometries have 

been proposed in numerous studies (Mitchum et al., 1977; Sangree & Widmier, 1977; Anell 

& Midtkandal, 2015; Patruno et al., 2015a). The overall focus, however, lies on cross-

sectional clinoform profiles due to limited control on their three-dimensional complexity 

(see e.g. Driscoll & Karner, 1999; Deveugle et al., 2011; Graham et al., 2015a). While 

Mitchum et al. (1977), Sangree & Widmier (1977) and Quiquerez & Dromart (2006) present a 

purely qualitative description of observed clinoform profiles, there is a recent trend towards 

applied quantitative, parameter-based methods (Adams and Schlager, 2000; Anell & 

Midtkandal, 2015; Patruno et al., 2015a).  

Sangree & Widmier (1977) established two clinoform end members, the sigmoid and oblique 

shape (Fig.12). A further subdivision into sigmoid, oblique (tangential and parallel), complex 

sigmoid-oblique, shingled and hummocky is suggested by Mitchum et al. (1977) (Fig.12). It 

was modified by Quiquerez & Dromart (2006) who defined three main clinoform geometries: 

oblique, exponential and sigmoidal (symmetric and asymmetric). 

 

 

Figure 12. Clinoform classification by A) Mitchum et al. (1977) (from Cattaneo et al., 2004) , B) Anell & 
Midtkandal (2015). 

A 

B 
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The mathematical approach by Adams & Schlager (2000) differentiates between linear, 

exponential and Gaussian slope curvature. This tripartite division forms the basis for the 

clinothem classification by Anell & Midtkandal (2015) (Fig.12). Their detailed scheme puts 

additional emphasis on rollover trajectories, stacking pattern, symmetric relationships 

between individual, genetically related clinoforms and internal composition of clinothems. 

Nine types are suggested: 1) Obligue, 2) Tangential oblique, 3) Tangential oblique chaotic, 4) 

Sigmoidal symmetrical, 5) Sigmoidal divergent, 6) Sigmoidal chaotic, 7) Asymmetrical top-

heavy, 8) Asymmetrical bottom-heavy and 9) Complex (Fig.12). 

Given the various geometries that are realised in nature, clinothems are the product of 

multiple interacting shaping factors whose simulation requires powerful 3D modelling 

(Driscoll & Karner, 1999; Overeem et al., 2005; Graham et al., 2015b). 

3.2 Local controls on clinoform geometry  

Clinoforms serve as powerful correlation tool covering a bathymetric range of several metres 

to thousands of metres and giving insight into sediment transport and dispersal patterns 

(Pirmez et al., 1998; Driscoll & Karner, 1999; Friedrichs & Wright, 2004; Helland-Hansen et 

al., 2012; Patruno et al., 2015a; b). Moreover, their dimension, morphology and geometry 

provide information in terms of sediment supply, sediment type, pre-existent basin floor 

topography, water depth and hydrodynamic regime in which they were deposited (Mitchum 

et al., 1977; Emery & Myers, 1996; Adams et al., 1998; Pirmez et al., 1998; Driscoll & Karner, 

1999; Steckler et al., 1999; Adams & Schlager, 2000; O´Grady et al., 2000; Posamentier & 

Morris, 2000; O’Grady & Syvitski, 2001; Friedrichs & Wright, 2004; Giosan & Bhattacharya, 

2005; Swenson et al., 2005; Quiquerez & Dromart, 2006; Wolinsky & Pratson, 2007; Kertznus 

& Kneller, 2009; Helland-Hansen et al., 2012; Anell & Midtkandal, 2015; Patruno et al., 

2015a; b).  

3.2.1 Water depth, hydrodynamics and fluvial impact 

Clinoform geometry puts quantitative constraints on palaeobathymetry based on the depth-

dependent energy regime determining the rate and locus of particle settling. While 

turbulence associated with advective and diffusive processes promotes grain mobilisation 

and transport, gravitation, co- and adhesive forces contribute to their deposition.  

Along a clinoform’s cross section, accumulation rates reach a maximum in the upper foreset 

(Fig.11; Kuehl et al., 1986; Nittrouer & Wright, 1994; Pirmez et al., 1998; Walsh et al., 2004; 

Cattaneo et al., 2007; Patruno et al., 2015a; b). The rollover approximates a critical threshold 

of motion where transport capacity is significantly reduced and sediment flux ceases 
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towards the more distal bottomset (Fig.11; Pirmez et al., 1998; Cattaneo et al., 2007; 

Mitchell et al., 2012). Accumulation in the topset area of shallow marine clinoforms is 

limited by wave- and current-induced shear stresses causing sediment bypass and erosion 

(Fig.11; Kuehl et al., 1986; Nittrouer & Wright, 1994; Pirmez et al., 1998; Walsh et al., 2004; 

Cattaneo et al., 2007; Patruno et al., 2015a; b). 

The morphological diversity of these deltaic systems is the product of multiple interacting 

fluvial (sediment input) and marine factors (along- and across- shelf transport by currents, 

wave agitation and tidal influence) (Fig.13; Pirmez et al., 1998; Driscoll & Karner, 1999; 

Bhattacharya & Giosan, 2003; Cattaneo et al., 2004; Davies et al., 2005; Swenson et al., 

2005; Ainsworth et al., 2011; Patruno et al., 2015a; b).  

 

Figure 13. Hydrodynamic factors in shallow marine environments shaping subaerial and subaqueous deltas 
(modified from Patruno et al., 2015a). 

Multiple studies describe a trend of larger-scale clinoforms (Steckler et al., 1999; Patruno et 

al., 2015a; c) and steeper foreset gradients (Pirmez et al., 1998; Steckler et al., 1999; O’Grady 

& Syvitski, 2001; Friedrichs & Wright, 2004; Mitchell, 2012; Patruno et al., 2015a; c) with 

increasing water depth. Slope steepening during progradation results from an accretion 

surplus in upper segments and is thus a function of sediment supply and the ambient depth-

dependent shear stress field (Fig.11; Driscoll & Karner, 1999; Friedrichs & Wright, 2004; 

Swenson et al., 2005; Petter et al., 2013).  

However, observations on the causal connection between hydrodynamic conditions and 

slope gradient are very inconsistent. While Sangree & Widmier (1977) attribute steeper 

oblique profiles to high energy regimes, O’Grady & Syvitski (2001), Swenson et al. (2005) and 

Mitchell et al. (2012) suggest an inverse trend. In their models, high wave amplitudes favour 

low foreset gradients and create gently dipping sigmoidal geometries (Fig.14). 
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This is in accordance with observations on subaqueous delta-scale clinoforms, typically 

located in agitated shallow marine settings between fairweather and storm wave base 

(Fig.14; Hernández-Molina et al., 2000; Cattaneo et al., 2003; Patruno et al., 2015a; b). High 

shear stresses inhibit deposition along the topset causing shoreline-detached rollovers, 

coincident with the fairweather wave base (Fig.13; Kuehl et al., 1986; Pirmez et al., 1998; 

Walsh et al., 2004; Swenson et al., 2005; Cattaneo et al., 2007; Mitchell et al., 2012; Patruno 

et al., 2015a; b). Sediment dispersal is highly controlled by storm-induced and shore-parallel 

geostrophic currents generating laterally extensive platforms with only minor along-strike 

variability (Fig.13; Driscoll & Karner, 1999; Cattaneo et al., 2003; 2004; 2007; Kuehl et al., 

2005; Helland-Hansen et al., 2012; Mitchell et al., 2012; Patruno et al., 2015a; b).  

 

Figure 14. Trends in clinoform geometry in response to the ambient energy regime (modified from Swenson et 
al., 2005). 

Subaerial shoreline deltas are spatially more confined due to direct linkage with a fluvial 

feeding system (Fig.13). The corresponding clinoforms are arranged radially displaying 

sediment transport away from a point source (Driscoll & Karner, 1999; Bhattacharya, 2006; 

Deveugle et al., 2011; Patruno et al., 2015a). In this low-energy environment, riverine 

diffusion is the dominant process producing steep oblique clinoforms (Fig.14; Pirmez et al., 

1998; Driscoll & Karner, 1999; O’Grady & Syvitski, 2001; Patruno et al., 2015a). Their 

exponential profile reflects the decreasing transport capacity with increasing distance to the 

sediment source (Adams et al., 1998; Adams & Schlager, 2000) whereby the rollover is in 

immediate proximity to the shoreline break (Swenson et al., 2005; Patruno et al., 2015a). 

Associated deposits are less uniform alongshore due to river-driven changes in discharge, 

autocyclic lobe switching and the limited lateral dimension of clinothems (Driscoll & Karner, 
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1999; Bhattacharya, 2006; Deveugle et al., 2011; Patruno et al., 2015a). Hence, source-to-

sink distance and relative position to the depocentre are key criteria for interpreting 

corresponding sequences (Fig.15; Driscoll & Karner, 1999).  

 
Figure 15. Impact of along-shelf diffusion on sediment dispersal patterns in cross section and plan view 
(modified from Driscoll & Karner, 1999) 

Fluvial discharge and offshore sediment transport define sediment partitioning between a 

subaerial shoreline delta and its subaqueous counterpart and hence, control 

morphodynamics of compound clinoforms (Fig.13; Swenson et al., 2005; Mitchell et al., 

2012). However, subaqueous delta-scale clinoforms are not necessarily related to loci of 

fluvial sediment input (Hernández-Molina et al., 2000; Fernández-Salas et al., 2009; Patruno 

et al., 2015a).  

3.2.2 Sediment supply and internal fabric 

Clinoform configuration varies with available sediment quantity and caliber controlled by 

ambient hydrodynamics, climate and tectonics (Steckler et al., 1999; Giosan & Bhattacharya, 

2005; Kertznus & Kneller, 2009). Changes in drainage pattern can be inferred from foreset 

gradients that are inversely correlated with sediment supply (O´Grady et al., 2000; O’Grady 

& Syvitski, 2001; Wolinsky & Pratson, 2007; Anell & Midtkandal, 2015; Patruno et al., 2015a). 

Steepening is indicative of a fading sediment flux (top-heavy clinothems) causing greater 

accumulation in upper clinothem segments (Driscoll & Karner, 1999; Petter et al., 2013; Anell 

& Midtkandal, 2015). 
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In Wolinsky & Pratson’s model, the dip of clinoforms corresponds to a critical threshold of 

stability defined by depositional loading. Fine, low-permeability material and rapid 

accumulation promote pore fluid overpressure and slope failure (Wolinsky & Pratson, 2007) 

which reduce maximum foreset steepness (Fig.16; Adams et al., 1998; Pirmez et al., 1998; 

Adams & Schlager, 2000; Swenson et al., 2005; Patruno et al., 2015a).  

Different redistribution mechanisms are recorded in slope geometry, toe advance and 

internal architecture of clinothems (Wolinsky & Pratson, 2007; Anell & Midtkandal, 2015). 

Exponential slopes of top-heavy clinothems are commonly subject to oversteepening and 

subsequent failure induced by deep-seated overpressure (Wolinsky & Pratson, 2007; Anell & 

Midtkandal, 2015). Chaotic internal structures indicate gravity-driven collapses and turbiditic 

currents facilitating far toe advance (Anell & Midtkandal, 2015). In contrast, bottom-heavy 

clinothems are of more gentle sigmoidal geometry showing signatures of slumping and 

rafting caused by surface-near liquefaction (Wolinsky & Pratson, 2007; Anell & Midtkandal, 

2015). While the latter characterises mud-dominated subaqueous deltas, steep tangential 

morphologies prevail in near-shore delta and continental margin settings (Wolinsky & 

Pratson, 2007).  

The effect of sediment fabric becomes particularly apparent in subaqueous delta-scale 

clinoforms that are highly variable in composition and slope angle (Patruno et al., 2015a).  

 

Figure 16. The effect of sediment caliber D (A and B) and inherited flor inclination (B and C) on foreset steepness 
(modified from Pirmez et al., 1998). 

A 

B C 
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3.2.3 Substrate and pre-existing topography 

Basin floor gradient and inherited topographic structures affect the geometry of overlying 

units in terms of depositional depth, energy regime and paths of sediment transport.  

Delta systems prograding across-shelf translate along an inclined ramp which causes foreset 

steepening due to a previously described accretion surplus in upper clinoform segments 

(Fig.16; Pirmez et al., 1998). While smooth palaeoslopes increase the efficiency of sediment 

delivery into deeper realms, higher rugosity requires infill of small depressions prior to 

continued progradation (Hubbard et al., 2010). Along an irregular relief, highs will either be 

subject to sediment bypass or produce rather low-amplitude clinothems with prominent 

aggradation (Anell et al., 2014; Wei et al., 2014). These positive topographic features are 

onlapped by steeper small-scale clinothems prograding into adjacent depressions (Anell et 

al., 2014; Wei et al., 2014). 

A special example of how topography constrains clinoform evolution is that of deltas 

reaching the shelf edge which allows sand export into deep marine settings (Johannessen & 

Steel, 2005; Henriksen et al., 2009; Sanchez et al., 2012). Progradation is limited by shelf 

width and an abrupt change in topography that can only be overcome by significantly high 

sediment supply. 

Apart from tectonics, substrate stability controls the evenness of pre-existent surfaces and 

the morphology of deposited clinothems whereby the absence of mobile substrata favours 

steeper foreset angles (O´Grady et al., 2000; Hubbard et al., 2010).  

3.3 Regional control on clinoform geometry 

The thorough examination of clinoform and clinothem architecture does not only contribute 

to a better understanding of ancient depositional processes, it also helps to identify changes 

in depositional systems over time and recognise trends in basin evolution. 

Rollover trajectories, configuration and stacking pattern of clinothems are the complex 

result of auto- and allogenic controls on different scales (Fig.17; Patruno et al., 2015a). On a 

regional scale, they can give indications for available accommodation space respectively 

sediment input as driving factors in basin dynamics (Fig.17; Galloway, 1989; Catuneanu et 

al., 1998; Posamentier & Morris, 2000; Catuneanu, 2002; Helland-Hansen & Hampson, 2009; 

Catuneanu & Zecchin, 2013; Miller et al., 2013; Anell et al., 2014).  
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Figure 17. Interaction of allogenic and autogenic controls producing complex signals in clinothem architecture. 

3.3.1 Clinothem stacking patterns and shoreline trends 

Consistent with the stacking of chronostratigraphic units, three basic accretion patterns can 

be distinguished within sets of clinothems: aggradational, progradational and 

retrogradational (Fig.18; Van Wagoner et al., 1988). Aggradation is the vertical stacking of 

repetitive cycles with recurring facies and no significant lateral shift in facies belts over time. 

Shoaling upward with progressively more proximal facies on top is produced by 

progradation, whereas younger more distal deposits overlie proximal units in 

retrogradational stacks.  

 

Figure 18. Overview over shoreline trends, associated trajectories and major controls on stacking patterns 
(modified from Martins-Neto & Catuneanu, 2009  combined with Emery & Myers, 1996; Helland-Hansen & 
Hampson, 2009; Catuneanu et al., 2009). 
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The balance between accumulation rate and the rate of change in accommodation space 

determines whether depositional systems translate land- or seaward (Fig.18; Van Wagoner 

et al., 1988; Posamentier & Allen, 1999; Catuneanu, 2002; Catuneanu et al., 2009; Helland-

Hansen & Hampson, 2009). During transgressions, accommodation space is created by a rise 

in relative sea level outpacing sediment supply. Facies belts migrate landward and produce 

retrogradational stacks. A fall in relative sea level reduces accommodation space and forces 

the system to prograde, independent of sediment discharge (forced regression). This 

contrasts with sediment-driven progradation (normal regression) when sea level is either 

constant or accommodation creation can not compensate for sediment supply.  

3.3.2 Rollover trajectories and depositional architecture 

Spatiotemporal shoreline dynamics are documented in deposits associated with deltaic 

systems translating land- or seaward across-shelf. The rollover trajectory of corresponding 

clinothem sets is composed of a horizontal and a vertical component, illustrating lateral 

facies shift and change in relative sea level (Fig.18; Kim et al., 2006; Helland-Hansen & 

Hampson, 2009; Martins-Neto & Catuneanu, 2009). 

In terms of clinothems, retrogradational configurations are exclusive to delta-scale systems 

translating landward in the course of transgressions (Helland-Hansen & Hampson, 2009; 

Patruno et al., 2015a). Up- and backstepping generate landward ascending trajectories and 

prominent onlap (Fig.18; Helland-Hansen & Martinsen, 1996; Pomar & Tropeano, 2001; 

Catuneanu, 2006; Helland-Hansen & Hampson, 2009; Martins-Neto & Catuneanu, 2009; 

Patruno et al., 2015a). Accreted units are often dominated by topset geometries and can be 

attached or detached, depending on the given basin floor gradient, sediment flux and 

change in relative sea level (Fig.19; Emery & Myers, 1996; Pomar & Tropeano, 2001; 

Martins-Neto & Catuneanu, 2009). 

 

Figure 19. Attached (A) and detached (B) clinothems as a function of ramp morphology, rate of sea level change 
and sediment supply (after Posamentier & Morris, 2000; Pomar & Tropeano, 2001) 

Progradational stacks are realised in many styles and on various scales within clinothem sets. 

While normal regression is reflected in seaward ascending or horizontal trajectories, forced 

regression generates seaward descending trajectories (Fig.18; Helland-Hansen & Martinsen, 

B A 



23 

 

1996; Helland-Hansen & Hampson, 2009; Martins-Neto & Catuneanu, 2009).  

Ascending trajectories require an aggradational component promoting growth of clinothem 

topsets, whereas purely horizontal progradation assumes perfect sediment bypass in the 

topset area accompanied by toplap (Fig.10,18; Emery & Myers, 1996; Catuneanu et al., 2009; 

Helland-Hansen & Hampson, 2009). Limited accommodation space facilitates forestepping 

which creates horizontal to relatively low-angle trajectories (Anell & Midtkandal, 2015).  

Forced regression induces down- and forestepping with prominent offlap (Fig.2,10; Helland-

Hansen & Martinsen, 1996; Posamentier & Morris, 2000; Helland-Hansen & Hampson, 2009; 

Martins-Neto & Catuneanu, 2009). Analogous to transgressive successions, the architecture 

of forced-regressive deposits is modified by the interplay of relative sea level fall, sediment 

delivery and basin floor inclination (Fig.19; Helland-Hansen & Martinsen, 1996; Posamentier 

& Morris, 2000).  

Curvature of rollover trajectories indicates temporal changes in the ratio between 

accommodation space and sediment supply (Helland-Hansen & Martinsen, 1996; Kim et al., 

2006; Glørstad-Clark et al., 2011; Anell et al., 2014). Moreover, angle variations record the 

sensitivity of depositional systems to fluctuations in environmental controls. Strongly 

irregular trajectories are more likely to develop in small scale systems such as deltas in 

response to high-frequency oscillations of autogenic and allogenic controls (Helland-Hansen 

& Hampson, 2009; Patruno et al., 2015a). Shallower angles are favoured by limited 

accommodation promoting lateral advance (Anell & Midtkandal, 2015). Anell & Midtkandal, 

(2015) furthermore examined the effect of available accommodation on the geometry of 

individual clinothems recognising two end members: the sigmoidal symmetrical and the 

tangential oblique type, with the latter reflecting greatest spatial limitations (Fig.12). 

In the concept of rollover trajectories it is important to note that relative shifts in shoreline 

position are directly recorded only by nearshore deposits. Uncertainties arise from 

subaqueous delta systems with rollovers in depths of up to 60 m (Helland-Hansen & 

Hampson, 2009; Mitchell et al., 2012; Patruno et al., 2015a) and shoreline positions not 

coincident with the main break in slope of subaerial deltas (Emery & Myers, 1996; Pirmez et 

al., 1998; Glørstad-Clark et al., 2010). 
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3.4 General trends 

Given examples illustrate the complex information provided by clinothem architecture. 

Some important observations show that:  

 water depth correlates positively with clinoform relief and foreset steepness 

 wave- and current-induced agitation reduces the foreset gradient  

 sediment flux and foreset steepness are inversely correlated 

 coarser material allows higher slope gradients 

 progradation along an inclined ramp (shelf) causes foreset steepening 

 floor rugosity reduces progradation rates 

 stable substrata favour steeper slopes 

 transgression creates landward ascending trajectories, up- and backstepping 

 normal regression is characterised by seaward ascending to horizontal trajectories, 

up- and forestepping 

 forced regression  generates seaward descending trajectories, down- and 

forestepping 

However, generalising the described trends is problematic since the extraction of individual 

signals of controls on local and regional scale requires detailed examination of stacking 

patterns, geometries, lithology and facies distribution. 
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4 Study area & methods  

The study area of Kvalpynten is located on southwest Edgeøya where Late Triassic 

successions of the Tschermakfjellet and De Geerdalen Formation crop out along steep 

coastal cliffs over a distance of approximately 27 km (Fig.20). They are arranged on the 

western and southeastern flanks of up to 400 m high flat plateau mountains (Fig.20). 

 

Figure 20. Geological map of Svalbard (A), Edgeøya (B) and Kvalpynten (C) with log locations (Øks1 – 
Økshogget1, Sieg1 – Siegelfjellet1; Ård1 – Årdalen1, Årnu1 & 2 – Årdalsnuten1 & 2, Eil1 – Eilifdalen1, Kval1 – 
Kvalpynten1, Øhm1 – Øhmannfjellet1, Tju1 – Tjuvfjordskaret1, Vog1 – Vogelberget1) (modified from Norwegian 
Polar Institute, Link2 and Mørk et al., 1999). 

4.1 Photogrammetric data 

The 3D model in this study was obtained by applying the purely image-based “structure from 

motion” method (SfM) (Fonstad et al., 2013; Westoby et al., 2012; Chandler & Buckley, 

2016). A high-resolution digital elevation model (DEM) is derived from overlapping images 

showing a specific target object at different angles. SfM algorithms allow the detection and 

transformation of recurrent features into common match points. Relative camera positions 

and spatial relationships are reconstructed and calibrated generating dense point clouds. By 

means of triangulation, a surface mesh is generated from these colour-coded points and 

subsequently textured with the original image. The image database for the herein 
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investigated Kvalpynten outcrop was acquired during a field campaign in 2014 with a 

conventional digital reflex camera (Canon EOS 6D). It covers the west- and southeast coast 

of Kvalpynten including sections from Årdalen1 to Øhmannfjellet1. The outrop at 

Tjuvfjordskaret1 is not captured in the presented model (Fig.21) 

The quantitative analysis of large-scale structures and geometries was performed using 

Lime, a visualisation and interpretation software specifically developed for three-

dimensional outcrop data (courtesy of Virtual Outcrop Geology group; Link3). In a 

georeferenced model, given tools allow 2-point based distance and elevation measurements 

and 3-point based descriptions of spatial plane orientation including dip direction and 

inclination relative to a horizontal reference surface. Both, 3D-model and interpretation 

software were kindly provided by Simon Buckley.  

Stratigraphic units were defined based on compositional trends inferred from visual 

characteristics such as colour and roughness. For assessing potential clinoform geometries, 

well traceable, sharp sandstone-mudstone contacts were selected as best possible 

equivalent to flooding surfaces. The recognition of distinct depositional elements such as 

channel complexes relates to unconformable and cross-cutting relationships between 

traceable layers. The dimension of these spatially confined features was recorded and 

corresponding geometries were highlighted in original outcrop images using CorelDRAW 12.  

Faults cropping out at differently oriented cliff faces allow the 3-point based construction of 

a fault plane (Fig-M-2) which is otherwise impossible due to limited 3D-control. Vertical 

throw was measured between reference surfaces and, where faults are exposed in one place 

only, the direction of motion was qualitatively approximated. An extraction of maximum 

displacement for individual faults was conducted in order to investigate correlations 

between orientation and vertical offset. 
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Figure 21. Three-point based depositional-surface (A,B) and fault-plane (C) measurements in Lime. A: Surface 
correlation in the northern footwall of a graben structure (A). B: Plane construction along one unfaulted cliff 
face. C: Fault plane construction in a graben at the southern tip of Kvalpynten. D: Coverage of photogrammetric 
data (modified from Mørk et al., 1999). 

Minor displacement along faults can have significant impact on low-angle geometries. 

Therefore, orientation measurements of depositional planes are restricted to tectonically 

undisturbed segments (Fig.21). To overcome the two-dimensionality of cliff faces and the 

lack of a third horizontal coordinate, horizons of differently trending cliff sections were 

correlated wherever possible. Data for all stratigraphic levels was invariably collected in the 

same area in order to identify temporal changes in orientation. Two approaches of capturing 

plane geometries are compared; one involves a trans-sector correlation in the footwall of a 

fault complex whereas the second is confined to one cliff face (Fig.21).  

Due to the pronounced variation in dip angles and directions, 20 measurements per layer 

per configuration were performed (app.1). A classification of measured dip directions into E, 

S, W and N-dipping with limits at 45°, 135°, 225° and 315° allowed the statistical analysis of a 

univariate dataset. Gradients for one direction were arranged in ascending order and the 

minimum (𝑞0), maximum (𝑞4) and median of the dataset (𝑞2 ≙ 50 %) were determined. 

Medians of the lower and upper half of the series define the first (𝑞1 ≙ 25 %) and third 

quartile (𝑞3 ≙ 75 %), respectively. The more robust median with corresponding quartiles 

was applied due to highly variable layer inclination (𝑞4 − 𝑞0). As a measure of data 

distribution, the median of the residuals from the dataset’s median (𝑞2) was calculated. This 

median absolute deviation (MAD) is defined as: 

𝑀𝐴𝐷 = median(|𝑋𝑖 −median(𝑋)|) 
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where 𝑋𝑖 are the measured dip angles in degree for one dip direction (E, S, W or N). 

Together with the interquartile range (𝑞3 − 𝑞1), this parameter provides information on 

data dispersal and quality.  

The distribution of dip directions for individual layers was plotted in rose diagrams while 

calculated statistical parameters for dip angles (extrema, median, interquartile range) were 

visualised in whisker diagrams, both created with Grapher 8.   

4.2 Sedimentological field data 

Sedimentological data was acquired during several field campaigns in the period between 

2012 and 2015. In this study, logs from seven localities in the area of Kvalpynten are 

compiled, correlated and visualised using CorelDRAW 12.   

A detailed facies analysis was conducted for Årdalen1, Årdalsnuten1 and Vogelberget1 

covering most of the stratigraphic range (for log locations see Fig.20). Facies were defined 

based on lithology, sedimentary structures, grain size, bioturbation, organic content and 

stratal architecture including bed thickness and orientation of bedding planes (F1 to F10). 

Multiple facies characterise facies associations (FA-I to FA-VII) that correspond to particular 

depositional environments. Those combined allow the reconstruction of spatiotemporal 

trends in depositional systems culminating in a comprehensive palaeoenvironmental model. 

Palaeocurrent directions were measured at two locations (Årdalen1; Vogelberget1) and 

plotted in rose rose diagrams with Grapher 8.  

Sedimentological and photogrammetric data was integrated by determining log positions in 

the 3D-model (Fig.22). This approach permits the recognition of large-scale geometries that 

are associated with specific lithologies and vice versa. In a final process, the obtained data 

was interpreted incorporating previously published data of the Late Triassic on Edgeøya. 
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5 Results 

5.1 Lateral and vertical subdivision 

The cliff faces of Kvalpynten were divided into three lateral sectors, H1, H2 and H3 (Fig.22). 

Sector H1 extends over 10 km along the west coast and around the southern tip. It 

comprises all sections at Årdalsnuten and western parts of Kvalpyntfjellet (Fig.22). The 

eastern boundary is defined by a graben structure with a total vertical throw of 18 m down 

to the southwest (Fig.22, fault 5a-b). Adjacent to this complex, sector H2 forms the eastward 

continuation of sector H1. It spans 8,5 km along the coast southeast of Vogelberget (Fig.22). 

Sector H3 as the easternmost segment of the photogrammetry-covered area contains 

coastal cliffs southeast of Øhmannfjellet extending over a distance of 6,5 km (Fig.22). 

 

Figure 22. Overview over described sectors, unit boundaries, log and fault locations in the 3D model (from Lime, 
vertical exaggeration of 1,5x). Note: Graben (5a,b) forms the boundary between H1 and H2. Map on the right 
displays sector and image location (modified from Toposvalbard, Link4). 

The vertical subdivision differentiates between an upper and a lower section separated by a 

thick mudstone interval, the “draping shale” (U1; Fig.23,24). While lower parts are 

pervasively dissected by listric growth faults, upper portions are composed of laterally 

continuous subhorizontal packages (Fig.23). Unit thickness in the lower section is highly 

variable due to syndepositional fault activity and tectonically controlled sedimentation. The 

latest syn- to earliest post-deformational unit is a 12-25 m thick, sharp-based sandstone 

band levelling pre-existent fault-induced topography (Fig.23,24; DSST). The sharp upper 

boundary of this “draping sandstone” marks the transition to the upper section (B1; 

Fig.23,24). 
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Figure 23. Interpreted boundaries and unit distribution in the southwest (sector H1, Kvalpyntfjellet) and 
northeast of Kvalpynten (sector H3, Øhmannfjellet).Note: Laterally continuous layer configuration in the upper 
section contrasts with growth-faulted lower parts. Orange band below B1 highlights the draping sandstone, 
DSST. B5 was not identified in the northeast (H3). 

In the upper section of sector H1 and H2, four units in vertical succession with different 

visual and sedimentological characteristics are distinguished: U1, U2, U3 and U4 (Fig.23,24 

Tab.1). The basal “draping shale” (U1) is a mudstone band of 25-40 m thickness with very 

thin subordinate sandstone intervals in lower parts (B2, Fig.23,24; Tab.1). Superimposed 

sandstone-mudstone alternations of unit U2 are dominated by extensive sandstone 

packages of more than 10 m thickness (B3-B5). This interval reaches a total thickness of 50-

75 m and is bounded by an undulating sharp contact (B5) to overlying successions of unit U3 

(B5-B8; Fig.23,24; Tab.1). Unit U3 is mudstone-dominated with less than 2 m thick, laterally 

continuous sandstone intercalations in lower parts. Up-section, sandstone bands increase in 

thickness and reach locally up to 7 m (Fig.24). Unit thickness varies significantly from 70-100 

m due to an undulating lower boundary (B5; Tab.1. In unit U4, the avera ge thickness of 

sandstone packages decreases again from 5 m at the base to less than 2 m higher up (B8 ff.; 

Fig.24; Tab.1,). Locally, however, up to 16 m thick sandstone bodies occur (see 5.2.2). The 

youngest high-frequency alternations of unit U4 with reddish to greenish colouration are 

only preserved in sector H1 at a maximum thickness of 100 m (Fig.23, Tab.1).  
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Figure 24. Interpreted cliff face in sector H1. Four units (U1-U4) are defined based on sandstone-mudstone 
abundance and internal trends (see text). 

Sector H3 in the northeast of the study area differs notably from H1 an H2. Boundary B5 is 

not developed at Øhmannfjellet where corresponding thicker sandstone bands of unit U2 

are absent (Fig.23). They are replaced by U3 mudstone-dominated successions with 

subordinate sandstone layers of 2 to 5 m maximum thickness which overlie the draping 

shale (U1) directly at B3 (Fig.23). The rhythmical alternations account for most of the upper 

section in sector H3 and reach a total thickness of at least 130 m (Fig.23; Tab.1). 

Table 1. Overview over units, their composition and bounding surfaces (subordinate lithology given in brackets). 

 Distribution Dominant 
lithology 

Typical sst 
thickness 

Total unit thickness 
[m] 

Lower 
boundary 

Upper boundary 

    H1-2 H3 H1-2 H3 H1-2 H3 

U4 H1 Mdst (with Sst) base: < 5 m 
top: < 2 m 
(locally 16 m!) 

> 100 x B8 x x x 

U3 H1-2-3 base: 
Mdst (with Sst) 
top: 
Sst (with Mdst) 

base: < 2 m 
 
top: up to 7 m 

70-100 > 130 B5 below
B3 

B8 x 

U2 H1-2 Sst (with Mdst) up to 7 m 50-75 x below
B3 

x B5 x 

U1 H1-2-3 Mdst < 2 m 25-40 15-25 B1 B1 below 
B3 

below 
B3 
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5.2 3D architecture in photogrammetry 

5.2.1 Large-scale geometries 

The quantitative assessment of large-scale geometries focusses on laterally continuous 

subhorizontal sandstone-mudstone alternations in the upper section of Kvalpynten. Two to 

three well-traceable depositional surfaces were selected per previously defined unit (U2-

U4). Their position within the section is indicated in figure 25, measured dip angles and 

directions are summarized in figures 25, 26 and table 2 (complete data set see app.1). 

Table 2. Compiled results of inclination measurements on depositional surfaces. Yellow shading highlights 
potentially most robust values. (3xH1: all anchor points in sector H1; 2xH1, 1xH2: 2 anchor points in H1 and 1 in 
H2; 1xH1, 2xH2: 1 anchor point in H1 and 2 in H2; q0 – minimum, q4 – maximum, q3-q1 – interquartile range, 
q2 – median, MAD – median absolute deviation).  

In method one, plane orientations were measured along a N-S trending cliff face in the south 

of sector H1 (Fig.21b,25). Due to an overall prevailing westward dip direction (Fig.25), 

corresponding dip angles were extracted and plotted in stratigraphic succession in Whisker 

diagrams (Fig.25). Relatively high gradients in combination with multiple (B3) to bimodal dip 

directions (B5) suggest undulating surfaces where the selection of anchor point triplets has 

major impact on recorded plane orientation (Fig.25). By contrast, low angles and bimodal dip 

directions are rather indicative of subhorizontal geometries (B6) where minor spatial 

variations or measuring inaccuracies create reverse dip angles (Fig.25).  However, a relatively 

high MAD and a wide range in gradients (𝑞4 − 𝑞0 and 𝑞3 − 𝑞1) question the validity of 

tendencies in dip angles that were captured with this method (Tab.2: 3xH1). It is very prone 

to irregularities on local scale because of limited 3D-control. 

 Method q4-q0 [°] q3-q1  [°] q2  [°] MAD  [°] 

B10 3xH1 2,43 0,53 1,54 0,295 

B9 3xH1 1,65 0,79 1,58 0,420 

B7 3xH1 3,86 1,20 1,83 0,660 

 2xH1, 1xH2 0,31 0,09 1,34 0,050 

B6 3xH1 1,84 0,50 0,83 0,325 

 2xH1, 1xH2 0,43 0,14 1,10 0,065 

 1xH1, 2xH2 1,30 0,45 1,19 0,200 

B5 3xH1 3,17 1,27 1,64 0,645 

 2xH1, 1xH2 0,81 0,38 1,15 0,165 

 1xH1, 2xH2 1,63 0,50 1,62 0,245 

B4 3xH1 3,97 1,66 2,45 0,940 

 2xH1, 1xH2 1,36 0,68 1,00 0,995 

 1xH1, 2xH2 3,50 1,12 2,73 2,725 

B3 3xH1 1,82 0,55 2,13 0,310 

 2xH1, 1xH2 0,52 0,40 0,99 0,185 

 1xH1, 2xH2 1,58 0,79 1,67 0,435 
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Figure 25. Results of dip measurements using method 1 with all three anchor points in sector H1. Left: 
Measured surfaces in the 3D model. Centre: Rose diagrams displaying dip directions. Right: Measured surface 
inclination. Note the wide range in recovered gradients. 

The second approach overcomes the deficit in three-dimensionality by correlating 

boundaries between differently oriented outcrops (Fig.21a,26). Measurements were based 

on two points in sector H1 and one in sector H2 (Fig.26a) or vice versa (Fig.26b). Two 

populations of dip directions reflect these two ways of anchor point positioning. While a 

northern vector dominated when two corners were placed in sector H2, westerly dip 

directions prevailed when two points of the triplet were set in sector H1. Highest precision 

with regard to surface inclination was achieved in the last method which shows the lowest 

interquartile range (q4 − q0 and q3 − q1) and median deviation (MAD) (Tab.2). It is 

proposed that this data is most representative and the interpreted slight increase in dip 

angles up-section is true despite widely overlapping interquartile ranges (Fig.26a). True 

surface dip direction might be intermediate between west and north, potentially with a 
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stronger western component considering the higher consistency in dip angles when two 

anchor points were placed in sector H1 (i.e. WNW). 

 

Figure 26. Inter-sector measurement as an approach of improving data validity. A: 2 anchor points in H1, 1 in 
H2; B: 1 anchor point in H1, 2 in H2. Rose plots show dip directions (red – method A, blue – method B), box plots 
the distribution of surface gradients. Note: Highest precision is achieved in A. 

5.2.2 Small-scale features 

Although the upper section of Kvalpynten is characterised by its well-developed lateral 

continuity, it comprises some distinct localised structures.  

The most peculiar feature is a set of steeply WNW- to NW-dipping clinoforms at the 

southern tip of Kvalpynten (H1; Fig.27). Sand-rich heterolithic clinothems fill a depression 

that initiates at the upper boundary of unit U2 (B5) and cuts unconformably up to 35 m 

down into underlying packages (Fig.27). The truncation shallows northwestward and reaches 

a total width of 1500 m parallel to clinoform dip direction. In the photogrammetric model, it 
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exhibits a lenticular geometry (Fig.27). Incorporated clinothems are composed of high-

frequency mudstone-sandstone alternations that are rarely thicker than 1 m. They fill the 

depression up to the level of boundary B5, above which typical low-angle geometries 

continue unchanged (Fig.27). Towards the northwest, clinothems flatten successively from a 

maximum relief of 28 m and median inclination of 9,6° in the southeast to 8 m and 7,9° in 

the northwest (app.2).  

 

Figure 27.  Approximately 1500 m wide depression at boundary B5 filled with steeply northwestward dipping 
clinothems in A) the 3 D model in 1,5x vertical exaggeration and B) the original image. Note in A: down-cutting 
relationship and large-scale lenticular geometry. Note in B: Very thin clinothems (~1 m) composed of rhythmical 
mudstone-sandstone alternations. 

The transition from unit U2 to U3 is repeatedly marked by lateral irregularities. A second 

example is exposed in the north of sector H1 where boundary B5 is lowered up to 20 m 

compared to adjacent areas (Fig.28). It results in thickened successions of unit U3 (95 m) 

that compensate for a deficit in underlying U2 deposits (50 m). Depositional surfaces onlap 

onto this unconformity which is characterised by a particularly sharp sandstone-mudstone 

contact over a distance of approximately 1500 m (Fig.28).  

In both cases, negative relief is levelled and infilled by alternations of sandstone and 

mudstone of unit U3. They allow the re-establishment of a prevailing subhorizontal layer 

configuration in units overlying boundary B5. 
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Figure 28. Lowered boundary B5 with marginally onlapping surfaces. Note: White dashed line in A indicates 
expected boundary location (photogrammetric model 1,5x vertically exaggerated). 

Local variations are also developed in uppermost intervals with a laterally continuous 

appearance (U4). The thin sandstone bands of unit U4 are internally not uniform but contain 

several extensive elements that are merged laterally. Over a distance of several kilometres, 

sharp basal contacts pass into gradational lower boundaries along internal unconformities 

(Fig.29). Remote identification in photogrammetric data is difficult because the sandstone 

packages rarely exceed 5 m in thickness. Only locally, they reach sufficient vertical dimension 

to be resolved as e.g. along boundary B8. Here, the lenticular shape of a sharp-based, over 4 

km wide and up to 16 m thick sandstone body becomes evident in vertical exaggeration 

(Fig.29). Multiple smaller scale sandstone lenses are preserved in uppermost levels of unit 

U4 (Fig.29). They are typically 150 to 350 m metres wide and often laterally amalgamated 

with thicknesses between 5 and 16 m (Fig.29). 
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Figure 29. Lenticular sandstone bodies in sector H1. A,B – Several hundreds of metres wide sandstone lenses in 
upper parts of unit U4. Note lateral amalgamation in A. C – Lenticular features in 5x vertical exaggeration. Note 
the more than 4 km wide structure along which gradual coarsening-upward (D) passes into a massive 
sandstone body at boundary B5 (E). 

In addition to inconsistencies caused by undulating surfaces, the presence of faults 

complicates quantitative characterisation of low-angle geometries. Normal faults occur in all 

sectors (Fig.22,30) and have sufficient potential to distort primary depositional signals 

although maximum vertical offsets rarely exceed 20 m (Fig.31). Due to the lack of three-

dimensionality along cliff faces, the photogrammetric model fails to capture fault plane 

orientations in all but one case. At the southern tip of Kvalpynten, a graben is exposed on 

the west coast and on the southeast coast (Fig.21,22 (4a,b-5a,b)). Fault plane construction 

reveals a gentler southward dipping master fault (51° to the south) and a steeper antithetic 

northward dipping fault (78° to the north). Based on this, two genetically linked fault 

populations are distinguished, one inducing displacement down to the south and a 

subordinate antithetic group causing offset down to the north. Extensional grabens 

represent recurring features in which both elements are developed (Fig.30). In these 

structures, the S-dipping branch as master fault accounts for greater vertical throw (Fig.31). 

Linkage to growth faults in the underlying lower section was locally observed (Fig.30). The 

displacement along some solitary faults ceases locally up-section but no general trend is 

apparent (Fig.30; see app.4). 
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Figure 30. Examples of faults in the upper section of Kvalpynten. Note the local linkage with growth faults 
beneath the draping shale and ceasing offset upward (A,B). Extensional grabens with steeper S-dipping master 
faults and shallower anithetic faults are common in all sectors (B,D,E) (no vertical exaggeration, for fault 
locations see Fig.22). 

 

 

Figure 31. A: Distribution of maximum offset along the two fault populations. B: Recorded graben structures in 
the upper section with greater displacement along S-dipping master faults (red). Negative height indicates dip 
to the north. 
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5.3 Sedimentological characteristics  

5.3.1 Palaeocurrent directions 

The distribution of current- and wave-ripple orientations at Årdalen1 differs significantly 

from signals at Vogelberget1 (Fig.32). It reflects a change in dominant flow from lower to 

upper parts of the successions at Kvalpynten. At Vogelberget, current-ripple lamination 

indicates dominant flow to the southwest with a subordinate northeastern component. 

Crests of measured wave ripples strike perpendicular NW-SE (Fig.32). In Årdalen, however, 

current ripples are primarily oriented towards the northwest with crests trending NE-SW 

(Fig.32). 

 

Figure 32. Trend of wave-ripple crests (blue) and orientation of current ripples (red) in the lower and upper 
section of Kvalpynten.  

5.3.2 Facies description and interpretation 

The detailed classification of facies occurring at Kvalpynten is primarily based on outcrops at 

Vogelberget1, Årdalen1 and Årdalsnuten1 (Fig.33,34). They provide good stratigraphic 

coverage except for one gap of approximately 14 m between Årdalen1 and Årdalsnuten1 

affecting upper parts of unit U3 (Fig.34). Units and facies associations were successfully 

recognised in other sections (Årdalsnuten2, Kvalpynten1, Eilifdalen1, Øhmannfjellet1, 

Tjuvfjordskaret1) and correlated across the area of Kvalpynten (Fig.34). 
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Figure 33. Sections at Vogelberget1, Årdalen1 and Årdalsnuten1 that formed the basis for detailed facies 
descriptions (for log legend see appendix, for log locations see Fig.20).  
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Figure 34. Tentative correlation of bounding surfaces across the area of Kvalpynten. Note the different unit 
configuration in northeastern localities (Øhmannfjellet1, Tjuvfjordskaret1). Dotted vertical line marks the 
eastern limit of unit U2. See appendix for the log legend (background modified from TopoSvalbard, Link4). 

F1 – Plm Platy mudstone 

Description 

Facies F1 comprises platy to laminated shale-dominated mudstone forming over 30 m thick 

units. A sandy component is widely absent. Its occurrence is constrained to the lower section 

at Kvalpynten where it composes basal mudstone successions with F10 intercalations. 

Occasional concave-up casts on decimetre scale are filled with more silt-rich material 

(Fig.35). Daonella-type shell fragments are locally present. Phycosiphon, Cosmorhaphe and 

Planolites traces occur in moderate to high abundance (BI=3-5; Fig.35).   
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Environmental interpretation  

The homogenous mudstone of facies F1 was deposited by consistent fallout from suspension 

in a distal open marine environment. Downcutting surfaces are interpreted as incisions 

produced by episodic gravity-driven currents, common features along steep delta slopes. 

Prevailing full-marine, low-energy conditions are evidenced by bivalve fragments and typical 

representatives of the Zoophycos or Nereites ichnofacies (MacEachern et al., 2007). 

F2 – Mh Mud-dominated heterolithics 

Description 

The laminated to structureless mudstone of facies F2 is silt-dominated and contains coarser 

grain fractions compared to F1. Units vary in thickness between less than 1 m and more than 

20 m. They commonly comprise intervals with intercalated very fine sandstone lenses on 

centimetre-scale. Changes in the abundance of these lenses cause internal coarsening- and 

subordinate fining-upward trends. Where the sandstone content is high, wavy and flaser -

bedded intervals are developed. Facies F2 occurs in association with most facies described in 

this study, in unit U1, U2, U3 and, less common, in unit U4. Bioturbation intensity is highly 

variable with ichnofabrics dominated by Planolites and Teichichnus (Fig.35; BI=1-5). Locally, 

primary sedimentary structures are overprinted by strong biogenic reworking. 

Environmental interpretation  

This mud-dominated facies formed in a more proximal and shallower setting than mudstone 

of facies F1. Higher abundance of sandstone lenses suggests closer proximity to a 

terrigenous source. The fact that F2 mudstone coexists with various facies indicates that it 

occurs over a wide range of marginal marine environments. Long colonisation windows 

during low-energy conditions allow intense bioturbation by soft-ground dwelling organisms 

of the Cruziana ichnofacies. Relatively low ichnodiversity, however, is typical of not fully 

marine systems. Stress factors such as enhanced agitation above fair-weather wave base or 

freshwater influx from a fluvial system controlled the activity of deposit feeders. 

 

 

Figure 35. Features of F1 and F2mudstone. A: Siltstone-filled concave-up surfaces in F1, B: Phycosiphon-type 
traces in F1 (Ph), C:  Teichichnus (T) in bioturbated F2 mudstone. 
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F3 – Rlst Ripple-laminated muddy sandstone 

Description 

Facies F3 forms 0,1 to 2 m thick successions of mud-rich very fine to fine sandstone with 

abundant current and wave ripples. In the upper section, it is exposed in unit 2 where it 

overlies F2 and F4.1 and is succeeded by F5.1 or F2. Below the draping shale, it is 

sporadically preserved in association with F4.2 and F8.1 deposits. It occurs as wavy- to flaser-

bedded sand-dominated heterolithics, finely laminated intervals (0,1-1 cm) and thin beds (1-

5 cm) (Fig.36). The spectrum of bedding configurations comprises wave-, current- and 

climbing-ripple cross-lamination, planar cross-stratification and horizontal plane parallel 

strata (Fig.36). Locally, these features are arranged in a recurrent series with basal 

combined-flow and climbing ripples overlain by horizontal strata and planar foresets (Fig.36). 

At Årdalen1, lower ripple-laminated sandstone indicates dominant flow to the NW, whereas 

superimposed cross-beds dip in the opposite direction. Analogue southeastward orientation 

is displayed by asymmetric wave ripples creating small-scale hummocky and swaley cross-

lamination (Fig.36). These signals contrast with prevailing northwesterly flow inferred from 

current ripples. Measurements of wave-ripple crests reveal a NE-SW trend. Mud draping is 

abundant, particularly in heterolithic sections. Locally, rip-up mudstone clasts and soft-

sediment deformation structures are present. Bioturbation is sparse to absent with 

scattered burrows of Skolithos and Diplocraterion (BI=0-2).  

Environmental interpretation  

The diverse wave- and current-related structures of facies F3 reflect a wide range of energy 

regimes in an agitated environment between fair-weather wave base and low-tide level 

(MLW). Varying degrees of sediment reworking and redistribution result from the interaction 

of fair-weather and storm-generated waves with alongshore and cross-shore currents, 

including tides. Coexisting oscillatory (waves) and unidirectional (tides and currents) flow 

components are suggested by diagnostic combined-flow ripple-lamination and asymmetrical 

wave ripples (Arnott and Southard, 1990; Hill et al., 2003; Dumas et al., 2005; Dumas and 

Arnott, 2006; Sekiguchi & Yokokawa, 2008). The complex architecture of these features is 

caused by repeated localised internal scouring and accretion in a combined flow regime 

(Dumas et al., 2005; Dumas & Arnott, 2006). Plane-parallel beds and cross-strata overlying 

climbing-ripple laminated intervals are interpreted as upper flow regime bedforms (Arnott & 

Southard, 1990; Dumas et al., 2005). Hence, corresponding SE-dipping layers represent 

antidunes that display supercritical flow. As opposed to that, the southeastward orientation 

of asymmetrical wave ripples originates from shoaling when basal friction induces onshore-

directed orbital motion (Dumas & Arnott, 2006).  



44 

 

Abundant oscillatory ripples produced by wave action indicate high-energy conditions in a 

shallow marine setting. Associated intense reworking is evident from occasional rip-up clasts 

and internal scouring in hummocky cross-laminated intervals. By contrast, deposition of thin 

draping mud layers within heterolithic intervals requires episodic low-energy slack water 

periods characteristic of tidally influenced environments. Both, short colonisation windows 

due to unstable shifting substrate and soupy substrate consistency during slack water are 

unfavourable for benthic fauna and account for widely absent bioturbation. Only suspension 

feeders of the Skolithos-ichnofacies could episodically colonise this agitated environment.  

The arrangement of F3 deposits in coarsening-upward parasequences indicates shallowing 

during seaward facies translation. Wave shoaling towards the SE, dominant palaeoflow to 

the NW and NE-SW striking wave-ripple crests suggest a NE-SW trending shoreline southeast 

of Kvalpynten. 

 

Figure 36. Diverse elements of the A,C: Climbing ripples with overlying planar horizontal and cross-strata. Note: 
Preferred dip direction of ripple laminae contrasts with upper cross-strata. B: Flaser-bedded rippled 
heterolithics, D: Mud-draped asymmetric wave ripples producing micro-hummocks, E, F: Symmetric and 
asymmetric wave ripples in mud-rich sandstone 
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F4 – Pmst Planar stratified muddy sandstone 

Facies F4 consists of 0,3 to 2 m thick units of planar-stratified, mud-rich very fine to fine 

sandstone. Low-angle cross-strata occur locally. Incorporated and intercalated mudstone 

lenses are abundant. 

F4.1 – Pmst-a Planar stratified muddy sandstone, thinly bedded and bioturbated 

Description  

This subfacies comprises weakly to well-defined 2 to 5 cm thick beds of poorly sorted, mud-

rich sandstone (Fig.37). They are arranged in thickening- and coarsening-upward successions 

in which facies F4.2 overlies F2 mudstone gradationally. Upwards, they pass into F3 

sandstone or are sharply superimposed by facies F2. F4.1 sandstones are characteristic 

deposits of unit U2. Soft-sediment deformation structures, wave and current ripples are 

developed in places. Bedding is commonly disturbed by intense bioturbation (BI=2-5). 

Recorded taxa include Planolites, Teichichnus, Rhizocorallium, Skolithos and Diplocraterion 

(Fig.37) but in most areas, Planolites and Teichichnus account for the majority of traces.  

Environmental interpretation  

Poor sorting, the scarcity of wave-related structures and abundant bioturbation suggest a 

shallow low-energy environment below fair-weather wave base. Repeated coarsening-

upward cycles result from recurring phases of seaward facies shifts and closer proximity to a 

coastal source area. Although bioturbation intensity is high, widely diminished ichnofaunal 

diversity evidences the presence of limiting stress factors. Energy levels are low but 

freshwater influence represents a plausible control in marginal marine settings generating 

an impoverished Cruziana ichnofacies.  

F4.2 – Pmst-b Planar stratified muddy sandstone, laminated and organic-rich 

Description  

Mud-rich sandstone of subfacies F4.2 is characterised by fine plane parallel and current-

ripple lamination (Fig.37). Strata commonly vary in thickness between 0,2 and 1 cm but 

reach 5 cm in places. This facies occurs in coarsening- and fining-upward series of unit U3 

and U4, at Øhmannfjellet in lower units. A typical succession is composed of F2 mudstone 

passing into F4.2 mud-rich sandstone and F5.2 cross-stratified sandstone or, in reverse 

order, F5.2-F4.2-F2. In unit U4 at Årdalsnuten and at boundary B3 at Øhmannfjellet1, F2 is 

replaced by F7 mottled mudstone. At Vogelberget, F8.1 trough cross-stratified and soft-

sediment deformed sandstone underlies facies F4.2. Mud-draping is abundant (Fig.37), 
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organic content is locally high. Bedding is distinct with only minor sporadic Skolithos- and 

Planolites-type traces (BI=0-3). 

Environmental interpretation  

Abundant mud draping and current ripples are typical of tide-influenced shallow marine and 

coastal environments. The presence or absence of associated F7 mottled mudstone indicates 

intertidal or subtidal deposition, respectively. A coastal setting in proximity to a fluvial 

source is inferred from common organic debris and low-abundance impoverished 

ichnofabrics. Hyposaline conditions as river-derived stress factor reduce species diversity of 

marine organisms (Buatois et al., 1997; MacEachern et al., 2005, 2007; Buatois et al., 2008). 

This could account for a relict Skolithos- or Cruziana-ichnofacies. The high mud content of 

facies F4.2 sandstones is attributed to physicochemical processes typical of brackish 

environments at the fluvial-marine transition. Mixing of saline sea water with riverine 

freshwater, high in suspension load and organic content, facilitates particle coagulation, 

flocculation and precipitation (Dalrymple & Choi, 2007; Mietta et al., 2009).  

 

Figure 37. Features of bioturbated F4.1 (A-C) and laminated F4.2 (D-E) mud-rich sandstone. A: Rhizocorallium 
fodichnia, B: vertical Diplocraterion domichnia (E: by courtesy of Tore Klausen). 

F5 – Ccst Compound cross-stratified sandstone 

This facies is composed of thinly bedded (1-5 cm), well to moderately sorted fine-grained 

sandstone in amalgamated sets of bidirectional cross-strata. Stacks of simple and compound 
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cross-beds form 0,5 to 7 m thick units with common reactivation surfaces and internal 

discontinuities.  

F5.1 – Ccst-a Compound cross-stratified sandstone, forward-accreting 

Description 

In subfacies F5.1, low-angle planar and tangential cross-beds are oriented parallel to 

palaeoflow derived from current ripples. Despite bimodal dip directions, most strata are 

inclined towards the direction of palaeocurrent (to the NW at Årdalen1). Reactivation 

surfaces define cross-sets that average 0,5 m in thickness (Fig.38). This facies is a typical 

element of unit U2. It forms laterally continuous deposits, extending over hundreds of 

metres to kilometres. Internal coarsening-upward is associated with an upward increase in 

bed thickness and decrease in mudstone content. In uppermost parts, the dip angle of cross-

strata shallows and tabular beds are arranged subhorizontally (Fig.38b). F5.1 cross-stratified 

sandstone rests sharply on F2 or superimposes rippled sandstone of facies F3 in coarsening-

upward cycles comprising F2-F4.1-F3-F5.1. The upper contact to overlying F2 mudstone is 

sharp to erosional, locally with mudstone clasts. Coarsening-upward cycles are occasionally 

capped by orange, iron-oxide rich, unconsolidated fine sand (Fig.38). Occasional wave and 

current ripples reach their maximum abundance in upper parts.  Wave-ripple crests trend 

NE-SW and current ripples are oriented towards the NW. Mudstone clasts are locally 

common along internal discontinuities. Sporadic convoluted bedding is confined to basal 

parts of some units. Vertical Skolithos-type burrows are moderately common in places, in 

particular in upper parts of the sandstone bodies (BI=0-3; Fig.38). 

Environmental interpretation  

The bimodality in cross-bed orientation with prominent reactivation surfaces documents a 

tide-dominated shallow marine setting. Corresponding subtidal bedforms were normally 

submerged but episodically, reached the intertidal zone as evidenced by occasional oxidised 

caps. Preferential dip in the direction of northwestward residual flow displays foreset 

accretion in a forward manner. Prevailing vertical aggradation in upper parts generated 

subhorizontal tabular beds. Abundant internal discontinuities indicate repeated scouring in 

an agitated environment. Wave and current ripples combined with elements of the Skolithos 

ichnofacies confirm a high-energy regime in which short periods of reduced substrate 

mobilisation allowed colonisation by suspension feeders. The compound sandstone bodies 

of facies F5.1 are interpreted as product of continued shallowing from underlying F3 ripple-

laminated sandstone during progressive seaward facies migration. They form extensive 
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sheets with good lateral continuity. Sharp upper boundaries are caused by flooding or 

advancing proximal facies belts in which deposition is inhibited by even higher energy levels.  

 

Figure 38. Characteristics of F5.1 compound cross-stratified sandstone. A: Oxidised cap on top of F5.1 sandstone 
packages, B-D: Compound cross-strata with reactivation surfaces and, locally, bimodal dip directions, C: 
Skolithos burrows in F5.1 sandstone beds. 

F5.2 – Ccst-b Compound cross-stratified sandstone, laterally accreting 

Description 

Subfacies F5.2 is characterised by high- to low-angle cross-strata that are oriented obliquely 

to northwestward palaeocurrent. Dominant dip directions vary greatly between units but 

are consistent within one package (Fig.39). Cross-sets are bounded by reactivation surfaces 

and reach over 1 m thickness (Fig.39). F5.2 sandstone is exposed in unit U3 and U4, at 

Øhmannfjellet on lower stratigraphic levels in place of F5.1. Lateral continuity is reduced 

compared to F5.1 sandstone bands. In several places, F5.2 is arranged in superordinate 

lenticular geometries that coalesce laterally. Two trends within these features are 

distinguished. Fining- and thinning-upward is associated with the facies succession F5.2-F4.2-

F2 (or F7), where F5.2 sandstone rests on a concave-up base overlying F2 or F7 mudstone. In 

coarsening- and thickening-upward cycles, the facies order is reversed and F4.2 laminated 

muddy sandstone grades into F5.2 sandstone which is sharply overlain by F2 or F7 

mudstone. Lateral mergence of these two architectural elements causes the transition from 

F5.2 into facies F4.2 or F2 over tens to hundreds of metres.  
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At the base of fining-upward cycles, F5.2 sandstone is more massive and mudstone clasts are 

most common. Current ripples, orange iron-oxide rich concretions of 1-10 cm diameter and 

beds with a red stain occur regularly (Fig.39). Bioturbation is scarce to absent with a few 

scattered Skolithos burrows. Only locally, it reaches higher intensities (BI=0-3). 

Environmental interpretation  

The compound sandstone bodies of facies F5.2 were deposited in a proximal tide-dominated 

environment. Repeated flow reversal induced abundant reactivation surfaces and internal 

discontinuities. Phases of subaerial exposure in an intertidal coastal setting are evident from 

associated F7 mottled mudstone, common oxidised layers and concretions. Cross-beds with 

variable dip directions oblique to northwestward palaeoflow indicate lateral accretion and 

bedform migration. The limited lateral dimension of incisive lenticular bodies is an effect of 

channelisation. Mudstone clasts at the base of corresponding complexes document 

reworking of underlying lithologies (F2, F7). Facies F5.2 fills these erosive features as lower 

portion of fining-upward successions. This configuration contrasts with laterally adjacent 

coarsening-upward series that are interpreted as coevolved depositional bedforms. 

Progressive advance into shallower water resulted in the deposition of mud-rich laminated 

sandstone (F4.2) succeeded by cross-stratified sandstone (F5.2). Strong tidal currents 

allowed only deep-burrowing suspension feeders of the Skolithos ichnofacies to colonise 

sandy substrate of facies F5.2. Scarce bioturbation suggests elevated stress levels caused by 

a combination of intense agitation and enhanced freshwater influence in this coastal 

ecosystem. 

 

Figure 39. High-angle cross-strata with reactivation surfaces (A) and iron-oxide rich beds (B) of F5.2 compound 
cross-stratified sandstone (B: by courtesy of Tore Klausen). 
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F6 – Cqst Coquina sandstone 

Description 

This facies is composed of coquina in a matrix of mud-rich very fine sandstone. It forms 

distinct 1 to 10 cm thick sheets or sharp-based massive orange beds of up to 50 cm 

thickness. Intercalations occur in association with F2, F4.2 and F5.2 in unit U3. Thinner 

sheets are commonly characterised by normal or inverse grading, a bed-parallel convex-up 

orientation of shell fragments, current ripples displaying flow to the NW and occasional 

mudstone drapes (Fig.40). In the thick iron-oxide rich beds, prominent soft-sediment 

deformation is associated with no preferred bioclast orientation (Fig.40). Bioturbation is 

absent to scarce (BI=0-1). 

Environmental interpretation  

A preferential bed-parallel orientation of shell fragments in association with asymmetric 

ripples indicates continuous current action over longer time periods. Corresponding 

stratified coquina intercalations in facies F2 are interpreted as products of steady bottom 

currents.  Fluctuations in flow intensity, i.e. waning or acceleration, cause an upward 

decrease respectively increase in grain size. Intercalated mud drapes evidence pulsating flow 

with episodes of current inactivity.  

By contrast, coquina beds with chaotically arranged bioclasts and soft-sediment deformation 

structures reveal typical signatures of high-energy event deposits. Their chaotic texture 

induced by liquefaction displays short transport duration and rapid deposition suggesting 

syndepositional reworking by mass wasting processes, e.g. slumping. 

 

Figure 40. The two types of F6 coquina. A: Sheets with oriented valves (A, D) and B: Soft-sediment deformed 
beds with chaotically arranged shell fragments (B, C). 
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F7 – Mms Mottled mudstone with sandstone sheets 

Description 

This facies consists of dark grey to green and reddish-brown mottled mudstone (Fig.41), 

sporadically intercalated with sharp-based tabular sheets of occasionally current-rippled 

very fine sandstone. The widely structureless, locally faintly laminated mudstone forms 0,5 

to 8 m thick units with sandstone layers of a few centimetres in thickness. It is associated 

with laminated and cross-stratified sandstone of facies F4.2 and F5.2. In the stratigraphy, its 

occurrence is restricted to unit U4 at Årdalsnuten1. Orange iron-oxide rich concretions, red 

rhizohalos and root casts, which commonly penetrate underlying beds, are abundant 

(Fig.41). Organic-rich, coaly layers on mm-scale occur in places. Ichnofauna was not 

identified (BI=0-1). 

Environmental interpretation  

The thick homogenous mudstone with intercalated sand sheets, abundant organic-rich 

layers, oxidised concretions and root casts suggests deposition in a subaerial coastal 

environment. Green alteration indicates a nearshore setting in which oxidisation of organic 

matter induced a reducing milieu and glauconite formation (Banerjee et al., 2016). Iron-

oxide forms preferentially around rootlets and organic debris due to favourable geochemical 

conditions during diagenesis (Bojanowski et al., 2015). This process of chemical alteration 

induced by vegetation and subaerial exposure indicates palaeosol formation and accounts 

for the reddish and greenish mottled appearance of the mudstone. Occasional sand sheets 

with current ripples are interpreted as spill-overs by nearby channels in a tidal flat or 

floodplain environment. 

 

Figure 41. Characteristic features of F7 mottled mudstone. A: Root casts (white arrow), B: structureless 
mudstone with red alteration and abundant orange iron-oxide rich concretions (A,B: by courtesy of Tore 
Klausen). 
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F8 – Tcst Trough cross-stratified sandstone 

Facies F8 comprises stacked sets of trough and planar cross-beds of fine to medium-grained 

sandstone with abundant organic-rich layers.  

F8.1 – Tcst-a Trough cross-stratified sandstone, small-scale soft-sediment deformed 

Description  

In the fine sandstone of this subfacies, primary sedimentary structures are vaguely 

preserved. Trough and subordinate low-angle tangential cross-strata of 1 to 10 cm thickness 

are commonly obliterated by secondary fracturing and soft-sediment deformation (Fig.42). 

F8.1 occurs in association with facies F4.2 and F3 as typical lithology of the lower section 

below boundary B1. The deformed sandstone packages rest on an erosional base with 

abundant mud clasts against underlying F2 mudstone or F3 heterolithics (Fig.42). They pass 

upwards into mud-rich sandstone laminae (F4.2) forming repetitive fining-upward cycles of 

1-2 m thickness. In places, defined 3 to tens of metres wide and 0,5 to 2 m thick lenticular 

bodies were identified. Wave ripples with crests striking NNW-SSE are ubiquitous (Fig.42), 

locally generating small-scale hummocks. Asymmetric wave ripples indicate flow to the NE 

whereas current-ripple lamination is oriented southwestward. Organic debris and orange 

concretions on centimeter-scale are common, bioturbation scarce with only scattered 

Skolithos burrows (0-1).  

Environmental interpretation  

Based on the abundance of wave-related structures, the depositional environment of facies 

F8.1 is classified as agitated foreshore zone. Prominent soft-sediment deformation is caused 

by intense wave action inducing failure and slumping along storm-affected coastlines. 

Further evidence for high energy levels arises from dominant trough cross-stratification 

whose formation requires pronounced scouring (Dalrymple and Rhodes, 1995; Longhitano et 

al., 2014). A sharp erosional base, lenticular geometry and typical fining-upward characterise 

channel infills. The abundance of these complexes and their high organic content suggest 

direct connection to a terminal distributary system. Prevailing southwestward flow (Fig.32) 

places the corresponding fluvial system northeast of Kvalpynten. This assumption is 

consistent with northeastward wave shoaling inferred from asymmetric wave ripples 

(Dumas & Arnott, 2013). Ripple crest orientations record an associated NNE-SSW trending 

shoreline. Intense agitation combined with strong fluvial influence implies unfavourable 

conditions for marine biota which explains the conspicuous absence of bioturbation.  



53 

 

 

Figure 42. Features of small-scale trough cross-stratified sandstone (F8.1). A: Mudstone clasts at the base of 
fining-upward packages, B: Lunate wave ripples, C: Large-scale soft-sediment deformation, D: Small-scale 
trough cross-stratification.  

F8.2 – Tcst-b Trough cross-stratified sandstone, large-scale amalgamated 

Description 

Facies F8.2 comprises massive and large-scale cross-stratified clean fine to medium-grained 

sandstone (Fig.43). Sets of trough cross-beds and subordinate planar tangential cross-strata 

form stacks of up to 10 m thickness with numerous discontinuities (Fig.43). Bed thickness 

varies between 5 and 20 cm and typically decreases upward. The majority of low-angle 

foresets dips in the direction of dominant southwestward palaeoflow. In places, they are 

linked with a set of smaller-scale oppositely oriented NE-dipping cross-strata. Sandstone 

complexes of facies F8.2 compose the uppermost draping sandstone band of the lower 

section below boundary B1. Locally, they contain red-stained beds and intercalations of F9 

red laminated sandstone. Thin, organic-rich laminae and lenses (< 1 cm thick) with abundant 

plant fragments are locally common (Fig.43). Bioturbation is widely absent (BI=0-1). 

Environmental interpretation  

The large dimension of stacked sandstone packages and internal bedding, the slightly 

coarser grain fraction, oxidised beds and abundant organic matter represent typical 
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diagnostics of fluvial deposits. A river-dominated high-energy environment is confirmed by 

widely absent mudstone lithologies and biotubation. Prominent scouring creates large-scale 

trough cross-beds (Ashley, 1990; Dalrymple & Rhodes, 1995; Nichols, 2009). Abundant 

internal discontinuities indicate amalgamation of multiple individual sandstone bodies. The 

characteristic downstream growth pattern of fluvial bar complexes is evident from cross-

beds dipping in the direction of dominant palaeoflow (Hughes, 2012). Associated oppositely 

arranged strata are interpreted as an effect of meandering channel systems (Willis, 2005; 

Ghinassi et al., 2014). Southwestward advance of this fluvial network is recorded by current 

ripples (Pic). 

 

Figure 43. Characteristics of F8.2 large-scale trough cross-stratified sandstone. A: Highly amalgamated thick 
sandstone packages. B: Large-scale trough cross-bedding, C: Intercalated thin organic-rich layers. 

F9 – Rrst-b Red ripple-laminated sandstone 

Description  

This facies occurs as 10-20 cm thick, internally laminated beds of fine sandstone with a 

distinct red stain (Fig.44). The solitary beds are exclusively developed as intercalations in 

F8.2 sandstone complexes of the draping unit below B1. Internal structures comprise 

current-ripple laminae displaying flow to the NE and herringbone cross-lamination with 

northeast- and southwestward oriented ripples (Fig.44). Concretions on centimeter-scale are 

abundant. Bioturbation was not recorded (BI=0). 

Environmental interpretation  

The red colouration and close linkage with F8.2 fluvial sandstone implies a subaerial 

depositional environment. An intense dark red stain contrasts with embedding cross-

stratified sandstone of facies F8.2 which suggests a different composition to ambient 

lithologies. Clay minerals are iron-rich and their oxidisation induces orange to red stain. 
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Thus, the aberrant colour is interpreted as a result of higher mud content. This is in 

accordance with a finer average grain size of F9 compared to F8.2. Dominant indicators of 

flow reversal in overall prevailing flow to the SW (F8.2) reflect tidal contribution. In this 

context, higher mud content originates from corresponding slack-water periods. However, 

tidal influence in this distributary network was locally restricted. It is proposed that, during 

spring tide and /or low fluvial discharge, tidal flood-currents could penetrate further inland 

and affect sedimentation in normally river-dominated distributaries (see Dalrymple & Choi, 

2007). Facies F9 documents the establishment of a low-energy tidal subenvironment in this 

fluvial system.  

 

Figure 44. Distinct beds of F9 red laminated sandstone (C). Note delicate herringbone- (A) and current-ripple 
cross-lamination (B). 

F10 – Nlst Normally graded laminated sandstone 

Description 

F10 deposits comprise 1-3 m wide and up to 25 cm thick lenses of normally graded fine to 

very fine sandstone (Fig.45). Internally, plane-parallel lamination passes upwards into 

current- and climbing-ripple cross-lamination (Fig.45). Current-ripple measurements reveal 

dominant flow to the SW. The sandstone bodies sharply overlie F1 mudstone on a concave-

up base with occasional load casts and flute marks (Fig.45). In upper parts of the F1 shale, 

they form repeated lenticular intercalations whereas in lower parts, more continuous 

thinner layers of very fine sandstone prevail. F10 deposits were exclusively recorded in the 

lower section (below B1). Indications of soft-sediment deformation are common, organic 

debris was found occasionally. Bioturbation is restricted to surrounding F1 mudstone. 

Interpretation 

The sandstone lenses of facies F10 are interpreted as event deposits in a distal lower slope 

setting. Climbing ripples, fluid-escape structures and load casts formed during rapid 

deposition. Normal grading and a partially preserved Bouma sequence suggest a turbiditic 

origin (C and D units; after (Middleton, 1993)). Planar lamination passes into current-ripple 
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lamination at the transition from supercritical to subcritical flow. It illustrates decreasing 

energy levels during deceleration of unidirectional currents. The erosive power of these 

gravity-driven currents caused channel incision into marine mudstone of facies F1. Where 

gradients decrease further at the base of the slope, flow becomes less confined resulting in 

the deposition of extensive thin sheets (Middleton, 1993; Galloway, 1998). Current ripples 

indicate flow to the SW which places the shallower source area northeast of Kvalpynten. 

Linkage to a coastal fluvial system in a delta slope setting is inferred from entrained organic 

matter. 

 

Figure 45. Lenticular sandstone bodies of facies F10 (C) with basal load casts (B) and internal lamination (A). 
Note: Planar horizontal lamination passes upward into current ripples. 

5.3.3 Vertical facies trends  

Facies underlying the draping shale  

Where the lower section of Kvalpynten is unfaulted (Vogelberget1), successions reveal a 

superordinate coarsening-upward trend with increasing sandstone and decreasing 

mudstone portion up-section (Fig.34, log in Fig.46). Mudstone-dominated lithologies with 

sandstone lenses of a few metres width are confined to lower parts (F1; F9). They are 

sharply overlain by stacked soft-sediment deformed fining-upward sandstone packages of 1 

to 2 m thickness (F8.1; F4.2; Fig.33, Vogelberget1) which, in turn, are succeeded by highly 

amalgamated, large-scale cross-stratified sandstone bodies in stacks of 10 m thickness (F8.2; 

F10).  

In the central part, thin sandstone units (F8.1; F4.2) are arranged in high-frequency series 

bounded by numerous discontinuities. Analogue patterns characterise the amalgamated 

upper sandstone successions of facies F8.2 where individual sandstone bodies are closely 

merged along unconformities (Fig.43). These deposits compose the draping sandstone with 

B1 as upper boundary (Fig.34,46, DSST).  
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In lower parts of the draping shale, thin sandstone bands of 2 to 3 m, locally up to 5 m 

thickness occur (Fig.34,46). They commonly display gradual coarsening- or sharp-based 

fining-upward with facies F4.2 and F8.1 in succession. Apart from these minor intercalations, 

mudstone dominates (F2) in the draping shale until coarsening-upward initiates at the 

transition to the upper section (Fig.34,46). 

Facies overlying the draping shale  

Sectors H1 and H2: Units overlying the draping shale exhibit complex trends and 

pronounced vertical variation in facies architecture. Three major coarsening-upward cycles 

and one fining-upward cap are distinguished (Fig.46). The two lower cycles in unit U2 

comprise parasequences with the recurrent facies succession F2-F4.1-F3-F5.1. Bioturbated 

mud-rich sandstone (F4.1) is overlain by ripple-laminated muddy sandstone (F3) and up to 7 

m thick bidirectional low-angle cross-stratified sandstone (F5.1). Facies transitions are 

commonly gradational except for the sharp, locally erosional upper contact of sandstone 

packages to overlying mudstone (F2). Repeatedly stacked in vertical succession, these 

parasequences compose two superordinate coarsening-upward cycles with thicknesses of 25 

m and 43 m, respectively (Fig.46).  

At boundary B5, these lower series are sharply overlain by F2 mudstone defining the onset 

of a third coarsening-upward cycle (Fig.46). Sandstone intercalations increase in thickness 

up-section from 1 m to 7 m while the relative proportion of mudstone decreases. Thin bands 

of planar stratified mud-rich sandstone (F4.1; F4.2) are replaced by thick gradational-based 

coarsening-upward and sharp-based fining-upward sandstone packages. Internally, 

laminated muddy sandstone (F4.2) is superimposed by compound cross-stratified sandstone 

of facies F5.2 or vice versa. This upper coarsening-upward interval accounts for at least 80 m 

of sandstone-mudstone alternations. The transition to subsequent fining-upward is not well 

documented because of an estimated 14 m gap between Årdalen1 and the stratigraphically 

higher section at Årdalsnuten1. 

Lithologies of the uppermost cycle resemble those of underlying successions except for the 

occurrence of mottled structureless mudstone (F7). The frequency and thickness of 

sandstone intercalations decreases from 5 m thick to less than 2 m thick coarsening- and 

fining-upward packages of ripple-laminated and cross-stratified sandstone (F4.2; F5.2; 

Fig.46). At Årdalsnuten1, these high-frequency sandstone-mudstone alternations reach at 

least 60 m in thickness from boundary B8. Where preserved, a level of lenticular sandstone 

bodies caps this fining-upward cycle (Fig.29,46). 
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Figure 46. Left: Interpreted cliff face in sector H1, Right: Composite log of SW-Kvalpynten with superordinate 
coarsening- and fining-upward cycles (for log legend see appendix). 

Sector H3 and Tjuvfjordskaret1: In eastern parts of Kvalpynten, the situation above the 

draping shale is different. Coarsening-upward parasequences with the facies succession F2-

F4.1-F3-F5.1 were not recorded. Instead, mudstone-dominated associations with 1 to 7 m 

thick coarsening- and fining- upward packages of F2-F4.2-F5-2, or reverse, are deposited on 

top of the draping shale (Fig.23). At Øhmannfjellet1, they compose two superordinate 

coarsening-upward cycles separated by one approximately 20 m thick mudstone band (F2) 

whereby the top of the lower cycle is coincident with boundary B3 (Fig.34).  

5.3.4 Lateral facies distribution in the upper section 

Although units overlying the draping shale are traceable across Kvalpynten for the most part 

(Fig.22), some lateral variations occur.  
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Steeply dipping clinoforms at the southern tip of Kvalpynten contradict lateral uniformity. 

Due to an inaccessible vertical cliff face, only a remote characterisation of these features is 

possible (Fig.27). Individual clinothems are exceptionally thin with an estimated thickness of 

less than 1 m (Fig.27). They display rhythmical, high-frequency compositional changes similar 

to those recorded in facies successions of unit U3 where mudstone (F2) alternates with 

sand-rich lithologies (F4.2; F5.2). 

Most pronounced lateral irregularities on outcrop scale were recorded in youngest 

successions of unit U3 and U4. Lenticular geometries pinch out over some hundreds of 

metres inducing lateral thickness variations and facies transitions along unconformities. 

Analogue to the lenticular bodies identified in photogrammetric data (Fig.29), sharp-based 

cross-stratified sandstone bodies of facies F5.2 pass into gradational coarsening-upward and 

more mud-rich facies (F2; F4.2). 

The correlation of sections at different localities in the area of Kvalpynten reveals that unit 

U2 with the typical facies succession F2-F4.1-F3-F5.1 is absent at Øhmannfjellet1 and 

Tjuvfjordskaret 1 (Fig.34). Sandstone-dominated lithologies of facies F3, F4.1 and F5.1 are 

substituted by mudstone of facies F2 with thin intercalations of F4.2 and F5.2 sandstone 

(Fig.23). At Øhmannfjellet1, these packages rarely exceed 2 m in thickness whereas at 

Tjuvfjordskaret1, more than 5 m thick sandstone intervals occur in association with F7 

mottled mudstone (Fig.34).  
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6 Facies associations  

6.1 Facies associations overlying the draping shale 

Facies associations of the widely unfaulted upper section at Kvalpynten display a great 

variety of depositional environments. The identification of facies associations and their 

chronological succession allows the reconstruction of trends in Late Triassic depositional 

systems of Edgeøya (Fig.47). Primary data source for these youngest intervals at Kvalpynten 

were detailed studies of the outcrops at Årdalen1 and Årdalsnuten1 (Fig.47). 

 

Figure 47. Composite log of the upper section of SW-Kvalpynten with vertical distribution of facies associations 
(see appendix for log legend). See text for detailed descriptions. 
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6.1.1 Facies association FA-I – Delta-front platform 

Description and interpretation  

This facies association comprises mudstone and mudstone-dominated heterolithics of facies 

F2 in successions of more than 20 m total thickness. They underlie FA-II sandstone bands as 

draping shale of unit U1 and compose basal levels of unit U3. At Øhmannfjellet1 in sector 

H3, a 20 m thick interval is intercalated in otherwise continuous sandstone-mudstone 

alternations of FA-III and FA-IV above boundary B3. 

The silty, more sand-rich laminated to structureless mudstone of facies F2 represents a 

typical lithology of the upper section at Kvalpynten.  Varying abundance of very fine-grained 

sandstone lenses on centimetre scale produces recurring internal coarsening- and fining-

upward. Bioturbation intensity is variable but generally high whereas ichnodiversity is rather 

low with Planolites and Teichichnus as dominant taxa.  

Terrigenous sediment supply accounts for the relatively high sand content of these marine 

muds. Although bioturbation is locally intense, increased stress levels on benthic fauna are 

evident from reduced ichnodiversity and the dominance of deposit-feeding generalists. In 

modern deltas, injected riverine freshwater can advance tens of kilometres far and tens of 

metres deep across very shallow subaqueous platforms (Kuehl et al., 2005) which results in 

the establishment of an impoverished marine ichnofaunal assemblage(Buatois et al., 1997; 

MacEachern et al., 2005, 2007; MacEachern & Gingras, 2007; Buatois et al., 2008). It is 

proposed that, at Kvalpynten, these fluvial plumes induced hyposaline conditions even in 

distal areas due to very shallow depth. The significant sandy component of facies F2 in 

combination with a depauperate high-abundance Cruziana-ichnofacies reveals river 

influence in a rather distal but relatively shallow marine environment where sedimentation 

from suspension prevailed.  

6.1.2 Facies association FA-II – Sand sheets and compound dunes 

Description and interpretation  

Facies association FA-II is characterised by recurrent 5 to 30 m thick coarsening-upward 

cycles with the facies succession F2-F4.1-F3-F5.1. Its occurrence in the area of Kvalpynten is 

limited to unit U2 in sector H1 and H2 where corresponding packages reach a maximum 

total thickness of 75 m (Tab.1). The sandstone-rich bands are traceable across the outcrop 

for at least 8 km north-south and east-west. Further northeast, they were not recorded but 

replaced by mudstone-dominated FA-III and FA-IV successions at Øhmannfjellet1 and 

Tjuvfjordskaret1 (Fig.23). 
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Lower intervals are rich in bioturbated mudstone (F2) with subordinate 0,5-2 m thick 

intercalations of F4.1 mud-rich sandstone (Fig.48). They are arranged in repetitive small-

scale coarsening-upward cycles with a well-defined to gradational lower and a sharp upper 

contact. The planar subhorizontally bedded mud rich sandstone of facies F4.1 is often 

pervasively bioturbated with Planolites-, Teichichnus-, Rhizocorallium-, Skolithos- and 

Diplocraterion-type traces.  

 

Figure 48. Thin intervals of F4.2 bioturbated sandstone (C) in lower parts of superordinate coarsening-upward 
parasequences. A – Rhizocorallium, B: Diplocraterion (relative position in U2 at Årdalen1 on the left; for log 
legend see appendix). 

A cap of 2 to 7 m thick sandstone packages with ripple lamination at the base (F3) and 

compound cross-stratification in upper portions (F5.1; Fig.49,50) overlies these thin lower 

sandstone bands. Average grain size and bed thickness increase upward while mudstone 

content decreases. The multifaceted deposits of facies F3 comprise flaser-bedded 

heterolithics, small-scale hummocks, wave-, current-and combined-flow ripples (Fig.49,50). 

They pass upward into compound cross-strata with abundant reactivation surfaces and 

occasional mud clasts (F5.1).  
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Figure 49. Thick stacks of F3 ripple-laminated and F5.1 compound cross-stratified sandstone in unit U2 with 
abundant wave (A,B) and climbing ripples (C,D) (relative position in U2 at Årdalen1 on the left; for log legend 
see appendix). 

While current ripples indicate dominant flow to the northwest (F3; Fig.32), asymmetric wave 

ripples are oriented oppositely southeastward (F3). F5.1 cross beds and reactivation surfaces 

dip parallel to palaeoflow with a preferred orientation down-current towards the northwest 

(Fig.50). At the top of cliff-forming F5.1 sandstone packages, a clear trend in dip directions is 

less developed. Sets of bidirectional cross strata defined by multiple reactivation surfaces 

pass gradually into subhorizontal planar geometries (Fig.50). The cleaner sandstone of facies 

F5.1 contains scattered to moderately common Skolithos-type burrows. Terrestrially derived 

organic matter is scarce and pedogenic features absent but in uppermost parts of F5.1 

sandstone units, oxidised caps occur sporadically (Fig.50). 
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Figure 50. A: Flaser-bedded heterolithics of facies F3 overlain by compound cross-stratified sandstone (F5.1) 
with abundant reactivation surfaces (C,D). Note: Primarily westward dipping cross-strata (D, W=left) pass 
upward into subhorizontal bedding (C). B: Oxidised cap on top of F5.1 sandstone (relative position in U2 at 
Årdalen1 on the left; for log legend see appendix). 

Based on the prevailing planar subhorizontal bedding of F4.1 sandstone, its poor sorting, 

high mudstone content, scarce ripple structures and intense bioturbation with elements of 

the Cruziana ichnofacies (Fig.48), lower sandstone intervals are interpreted as deposits of 

primarily vertically accreting bedforms in a low-energy shallow shelf environment just below 

fairweather-wave base.  

They differ significantly from upper portions of the coarsening-upward cycles where low-

angle cross strata, abundant reactivation surfaces, wave and current ripples, mudstone 

clasts and reduced ichnofaunal activity dominated by Skolithos evidence high shift rates and 

intense reworking in an agitated shallow marine environment (Fig.49,50). Only occasional 

episodes of slack water allowed settling from suspension and the formation of mudstone 

drapes. Coexisting unidirectional and oscillatory flow components are evident from small-

scale hummocks and combined-flow ripples (F3; Greenwood and Sherman, 1986; Nøttvedt & 

Kreisa, 1987; Arnott & Southard, 1990; Hill et al., 2003; Dumas et al., 2005; Sekiguchi & 

Yokokawa, 2008). In places, planar strata and antidunes with southeastward dipping cross 
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strata were identified as supercritical bedforms that evolved in response to flow acceleration 

(F3). The abundant internal discontinuities in compound cross-stratified sandstone of facies 

F5.1 (Fig.50) were created by scouring during repeated flow reversal in a strongly tide-

controlled system. With regard to the preferred down-current orientation of first-order 

(foresets) and second-order surfaces (reactivation surfaces), F5.1 deposits are interpreted as  

forward accreting compound-dune complexes in a tide-dominated and wave-influenced 

marginal marine setting (Ashley, 1990; Desjardins et al., 2012a,c; Longhitano et al., 2012; 

Olariu et al., 2012). Widely absent organic debris, locally oxidised caps and an impoverished 

ichnofauna suggest a distal but shallow environment that was affected by freshwater influx 

from a high-discharge fluvial source. The dunes formed part of an extensive system with 

different hydrodynamic sectors creating the facies succession F2-F4.2-F3-F5.1. 

In the following, observations on FA-II deposits at Kvalpynten are analysed with reference to 

modern and ancient examples of subaqueous compound-dune complexes and sand sheets.  

Discussion  

Sand sheets and compound-dune fields are internally composed of multiple subaqueous 

dunes that migrate downstream with crests transverse to dominant flow (Fig.51).  

Simple dunes have no superimposed elements exceeding ripple-scale while compound 

dunes (formerly “sandwaves”) are produced by dunes overriding each other (Fig.51; Ashley, 

1990; Dalrymple & Rhodes, 1995; Desjardins et al., 2012c; Olariu et al., 2012). Ashley (1990) 

and Longhitano et al. (2012) state maximum heights of 12 to 18 m respectively 10 to 15 m 

for such complexes but exceptionally large, more than 25 m high dunes occur (Mosher & 

Thomson, 2000; Longhitano & Nemec, 2005).  

 

Figure 51. Compound-dune and sand-sheet formation by down-current bedform migration and superposition. 
Note the hierarchy of resulting unconformities (modified from Olariu et al., 2012). 
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Compound-dune fields consist of an array of similarly sized compound dunes creating 

repetitive coarsening- and thickening-upward cycles in the sedimentary record (Fig.52; 

Dalrymple & Choi, 2007; Desjardins et al., 2012a,b ,c). The contact of individual packages to 

underlying units is commonly gradational whereas the top is sharp erosional with occasional 

lag deposits (Dalrymple & Choi, 2007; Desjardins et al., 2012a,b,c; Olariu et al., 2012; 

Reynaud & Dalrymple, 2012). Further amalgamation of simple and compound dunes results 

in the formation of laterally extensive, relatively thin sand sheets with good lateral 

continuity over several hundreds of metres to kilometres (Fig.52; Stride, 1982; Belderson, 

1986; Ashley, 1990; Desjardins, 2012b,c; Longhitano et al., 2012; Olariu et al., 2012; 

Longhitano et al., 2014).  

 

Figure 52. A: Coarsening-upward parasequence produced by sand-sheet migration (modified from Desjardins et 
al., 2012a). B: Schematic architecture and internal zonation of sand-sheet complexes (modified from Desjardins 
et al., 2012c), C: Modern example of extensive compound-dune fields on the subaqueous platform of the 
Ganges-Brahmaputra delta (Kuehl et al., 1997). 
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The formation of extensive sand sheets requires regular moderate to abundant sand supply 

(Fig.53; Belderson et al., 1982; Galloway & Hobday, 1996; Desjardins et al, 2012c). Most 

extensive recent analogues occur in association with large river systems of high sediment 

discharge, as e.g. at the outer delta-front platform of the Ganges-Brahmaputra delta (Fig.52; 

Kuehl et al, 1997; Goodbred & Saito, 2012). Stacking and internal composition of 

corresponding deposits reflect the arrangement of bedforms down the sediment transport 

path, locally covering hundreds of kilometres (Fig.53; Belderson et al., 1982; Belderson, 

1986; Johnson & Baldwin, 1996; Desjardins et al., 2012b,c; Reynaud & Dalrymple, 2012). This 

downstream migration of dune complexes generates diagnostic coarsening-upward 

successions similar to prograding deltas (Fig.52; Willis, 2005; Dalrymple & Choi, 2007; 

Desjardins et al., 2012a,b,c; Olariu et al., 2012).  

 

Figure 53. A: Bedform distribution along residual flow for regular moderate sand supply. Rectangle highlights 
the place of major deposition and sand sheet formation (modified from Belderson et al., 1982). B,C: Modern 
example of exposed intertidal compound dunes in the Bay of Fundy (Olariu et al., 2012). 

The direction of dominant flow is the cumulative effect of interacting tidal, wave-induced, 

geostrophic and storm-generated currents (Reynaud & Dalrymple, 2012). Reduced flow 

strength and shear stress are associated with a decrease in grain caliber and bedform size 

down-current (Belderson et al., 1982; Desjardins et al., 2012a,c; Reynaud & Dalrymple, 

2012). Based on this observation, three subenvironments were described for sand sheets 

(Fig.52; Stride, 1982; Desjardins et al., 2010a,b, 2012b,c): 

 (IIa) The core with large compound dunes  

 (IIb) The front with small compound dunes  

 (IIc)  The margin with sand ripples and isolated dunes 
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These zones represent laterally interfingering facies belts along a gradient of decreasing flow 

intensity (Fig.53).  

The sand sheet core corresponds to the locus of maximum deposition which coincides with 

the highest rate of decrease in transport capacity (Fig.53; Stride, 1982; Belderson, 1986; 

Reynaud & Dalrymple, 2012). It forms the central compound-dune complex containing large-

scale low-angle cross-stratified, thinly bedded fine-grained sandstone (F5.1). Within the sand 

sheet, the coarsest sediment is deposited in this zone which is exposed to highest shear 

stresses (Desjardins et al., 2010a, 2012c). Periodically reversing currents in a tide-dominated 

environment account for abundant reactivation surfaces and local bimodality of cross-strata 

dip directions (Fig.50). Relative intensity of the ebb- and flood-component is recorded in the 

asymmetry of associated compound-dune deposits (Fig.53; Johnson et al., 1981; Allen, 1984; 

Dalrymple, 1984; Wells, 1995; Johnson & Baldwin, 1996). The dominant dip direction of 

foresets is consistent with the orientation of internal erosional discontinuities produced by 

overriding dunes (reactivation surfaces) (Allen, 1980, 1984; Dalrymple, 1984; Olariu et al., 

2012; Desjardins et al., 2012a,c). At Kvalpynten, this pattern of flow-parallel forward 

accretion is developed in primarily northwest-dipping cross-beds of facies F5.1 suggesting 

dune migration in a western direction. Palaeocurrent data displays an analogue dominant 

flow to the northwest with a corresponding NE-SW to NNE-SSW shoreline trend deduced 

from ripple-crest orientation (Fig.32). It is proposed that bedform migration was directed 

seawards due to ebb-dominance in a westward prograding system. This interpretation is 

based on (1) northwestward dipping large-scale geometries (5.2.1) and (2) the occurrence of 

asymmetric wave ripples indicating opposite flow to the east as a result of wave shoaling 

(F3, FA-IIb; Dumas & Arnott, 2006). 

Compound-dune growth is a combined process of frontal accretion and vertical aggradation 

(Dalrymple, 1984; Desjardins et al., 2012c). The latter is reflected in “repair structures” 

formed by recurring periods of erosion and infill in upper segments of a dune complex 

(Fig.50c,54; Dalrymple, 1984). Within these intervals, the dominance of one dip direction is 

less developed and cross-strata pass gradually into tabular subhorizontal beds of the 

vertically accreting compound-dune topset.  

While internal erosional surfaces record the migration of dunes over each other (Allen, 1980, 

1984; Dalrymple, 1984; Olariu et al., 2012; Desjardins et al., 2012a,c), the sharp upper 

boundaries of F5.1 sandstone packages are created by either overriding inter-dune troughs 

or flooding (Olariu et al., 2012; Reynaud & Dalrymple, 2012). Some compound-dune 

complexes are capped by an orange iron-oxide rich unit of unconsolidated sand (Fig.50) 

which is interpreted as a result of subaerial exposure and the development of a vadose zone 
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(Kjølstad, 2014). Similar records of generally subaqueous deposits in greater depth 

experiencing exposure are known from modern coastal environments of high tidal range 

(Levoy et al., 2000; Wang et al., 2002; Dashtgard et al., 2009).  

The planar configuration of cross-strata and scarcity of trough scours in facies F5.1 illustrate 

the prevalence of two-dimensional dune geometries (Fig.54; Longhitano et al., 2012, 2014). 

Dalrymple & Rhodes (1995) noted that this trend contrasts with deposits of high-energy 

fluvial systems owing to less focused flow and rhythmically alternating currents in an open 

coast tidal environment. Moreover, they suggest comparatively low migration rates for tidal 

dunes in response to the subsidiary opposite flow component. Recent field observations 

support Dalrymple & Rhodes’ concept of slowly migrating compound dunes as opposed to 

faster accreting simple dunes (Choi & Jo, 2015). 

 

Figure 54. A: Processes of compound-dune growth (modified from Longhitano et al., 2014), B,C: Interpreted 
stratal geometries of compound-dune deposits at Kvalpynten. Note in B: Dominant dip to the west (left), Note in 
C: Bimodal dip and subhorizontal configuration in upper portions of corresponding sandstone packages (“repair 
structures”). 

Bioturbation in the cross-stratified sandstone of facies F5.1 is generally sparse to absent but 

locally, common Skolithos burrows document episodic colonisation of compound dunes by 

suspension feeders (F5.1; Desjardins et al., 2010a, 2012a). A gradient of decreasing 

bioturbation intensity from the distal to the central core (Desjardins et al., 2012c) is the 

result of higher shifting rates due to increased shear stresses in shallower water. 



70 

 

Pronounced agitation is evidenced by wave and current ripples superimposed on the large 

scale foresets of F5.1 sandstones. Although a low-diversity Skolithos ichnofacies is indicative 

of high energy levels and intense reworking in the sand sheet core (MacEachern et al., 2007), 

colonisation requires short periods of limited substrate mobilisation (Desjardins et al., 

2010a; Desjardins et al., 2012c). These stagnant phases suggest temporary dune inactivity. In 

combination with punctuated dune migration (Desjardins et al., 2010a), it confirms overall 

low migration rates as proposed by Dalrymple & Rhodes (1995). High shifting rates and 

widely absent mudstone layers (F5.1) characterise the sand sheet core as a place of intense 

currents action. The lack of mudstone drapes and tidal bundles has been reported previously 

for tidal compound-dune complexes in agitated environments where rhythmical currents 

inhibit settling from suspension (Longhitano & Nemec, 2005; Desjardins et al., 2012c; 

Longhitano et al., 2012; Olariu et al., 2012). 

The sand sheet front is located further down the sediment transport path on the distal side 

of the core complex (Fig.52,53; Belderson et al., 1982). It comprises smaller compound 

dunes generating a variety of lithologies with diverse elements of a moderate-energy 

environment (Stride, 1982; Desjardins et al., 2010a,b; Desjardins et al., 2010b,c). While the 

lower contact of sand sheet front successions is gradational and less well defined, the upper 

boundary is commonly sharp to erosional demonstrating overriding by larger dunes of the 

core. F5.1 sandstone of proximal dunes in the sand sheet front resembles deposits of the 

sand sheet core but is less clean and thinner-bedded. In the bottomset of the compound 

dunes, wave- and current-related structures coexist due to the interaction of oscillatory and 

unidirectional components in an ambient combined-flow regime (Fig.49). Diagnostic features 

include asymmetrical wave ripples, locally expressed as small-scale hummocks, and 

combined-flow ripple-lamination (F3; Greenwood & Sherman, 1986; Nøttvedt & Kreisa, 

1987; Arnott & Southard, 1990; Duke et al., 1991; Hill et al., 2003; Dumas et al., 2005; Dumas 

& Arnott, 2006; Sekiguchi & Yokokawa, 2008). The westward orientation of the latter is 

consistent with an inferred ebb-dominance causing seaward bedform migration (see FA-IIa). 

However, asymmetric wave ripples display an opposite flow to the east which is interpreted 

as an effect of wave shoaling (Dumas & Arnott, 2006). Increased friction in shallower water 

creates an onshore-directed orbital motion suggesting a palaeoshoreline east of Kvalpynten. 

Corresponding shore-parallel wave ripple crests record a NE-SW shoreline trend in western 

parts (Fig.32).  

The higher abundance of wave-related structures compared to the sand sheet core reflects 

weakening of the dominant flow relative to wave action in more distal settings down the 

sediment transport path. Local deviations from this general trend are evidenced by climbing-
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ripple laminated units overlain by upper flow regime planar beds and antidunes (F3; Fig.36). 

These bedforms are exclusive of supercritical flow which implies substantial acceleration of a 

dominant unidirectional component (Southard & Boguchwal, 1990; Cartigny et al., 2014). 

Topographic restrictions may be responsible for the formation of occasional small-scale 

antidunes around bigger-scale compound dunes. This interpretation confirms a rather 

shallow setting due to the fact that antidune formation requires free-surface waves in 

combination with strong currents, a configuration less likely to develop in greater depth 

(Southard & Boguchwal, 1990; Cartigny et al., 2014).   

A broad spectrum of sedimentation rates and hydrodynamic regimes characterises different 

episodes of compound-dune evolution in the sand sheet front. In particular, deposits of the 

dune bottomsets (facies F3) illustrate fluctuations in sediment supply. Mud-rich heterolithics 

indicating longer periods of dune inactivity (Desjardins et al., 2012c) contrast with 

liquefaction structures and climbing ripples that formed in response to rapid deposition 

(Ashley et al., 1982; Nichols, 2009). Both, soupy substrate in low-energy realms and frequent 

sediment redistribution in agitated environments are unfavourable for colonisation which 

accounts for widely absent bioturbation (Desjardins et al., 2012c). Locally intensified 

bioturbation by suspension feeders such as Skolithos and Diplocraterion is a consequence of 

temporarily more stable moderate-energy conditions (F5.1; MacEachern et al., 2007; 

Desjardins et al., 2012c). Overall, the various palaeoenvironmental signals classify the sand 

sheet front as an area of very discontinuous sedimentation comprising stagnant periods 

alternating with phases of increased deposition and sediment remobilisation (Desjardins et 

al., 2010a,b). It represents a dynamic system with pronounced spatiotemporal variations in 

energy conditions. 

The sand sheet margin constitutes the most distal part of the sand sheet and peripheral 

zones off the complex’s flanks (Fig.52; Desjardins et al., 2010a, 2012b,c). It represents a 

mud-prone, low-energy environment with isolated dune patches (Desjardins et al., 2010a,b, 

2012b,c). Corresponding mud-rich F4.1 deposits pass gradually into rippled and cross-

stratified intervals of the sand sheet front (F3) or are sharply overlain by mudstone-

dominated units (F2). While the first series indicates incorporation by larger dunes in 

prograding sand sheets, the latter forms during downstream migration of small isolated 

dunes and successive inter-dune areas in shallow subtidal settings. 

Stress levels in this marginal realm of the sand sheet are relatively low which is evident from 

low to moderate ichnodiversity and commonly high bioturbation intensity in F4.1 packages 

(BI=2-5). The establishment of a deposit-feeding community comprising ichnogenera such as 

Planolites, Rhizocorallium and Teichichnus with subordinate suspension feeders (Skolithos, 
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Diplocraterion) requires prolonged phases of quiescence facilitating suspension fallout 

(Desjardins et al., 2010a, 2012c). This low-energy environment is consistent with the 

predominance of mud-rich lithologies and only sporadic sand sedimentation. In the light of 

regular food supply and relatively stable substrate with low rates of sediment shifting, the 

impoverished marine ichnofaunal assemblage referred to as “depauperate Cruziana 

ichnofacies” (MacEachern et al., 2005, 2007; Desjardins et al., 2012b,c) suggests a different 

ecological control. MacEachern et al. (2007) describe this ichnofacies as diagnostic for 

environments that are subject to salinity fluctuations, e.g. open coast tidal flats or areas in 

proximity to fluvial systems such as deltas and estuaries (see also FA-I). 

6.1.3 Facies association FA-III – Tidal-bar and tidal-channel complexes  

Description and interpretation  

Deposits of this facies association form generally less prominent sandstone bands than FA-II 

complexes. The average thickness of individual packages varies between 2 and 7 m although 

up to 16 m thick lenticular bodies of some hundreds of metres to kilometres width were 

identified in the photogrammetric model (5.2.2; Fig.29). Depositional surfaces are traceable 

over kilometres across the outcrop but on small scale, internal heterogeneities are more 

common than in FA-II.  Coarsening-upward successions with the facies succession F2-F4.2-

F5.2 pass laterally into fining-upward packages and inversely stacked facies F5.2-F4.2-F2 / F7 

(5.2.2; Fig.29). Alternations of these complexes with mudstone successions of FA-IV 

compose units U3 and U4. In western Kvalpynten (H1-H2), the mudstone-dominated unit U3 

sharply overlies upper sandstone packages of facies association FA-II in unit U2 (Fig.23,24). 

Further east in sector H3 (Øhmannfjellet1) and at Tjuvfjordskaret1, unit U2 is absent and FA-

III deposits are directly superimposed onto the draping shale (5.3.4; Fig.23).   

In unit U3 of sector H1, the thickness and frequency of FA-III sandstone bands increases 

upwards from boundary B5 to B8 (Fig.46; Tab.1).  A similar trend up-section, interrupted by 

one major mudstone interval of 20 m thickness, was observed in unit U3 of sector H3 

(Øhmannfjellet1) on top of the draping shale (5.3.3).   

The thin, continuous bands of approximately 1 m thickness in lower parts are composed of 

planar stratified, mud-draped sandstone of facies F4.2 with Planolites-type traces. They 

represent individual coarsening-upward cycles that overlie F2 mudstone gradationally. In 

upper parts of unit U3, F5.2 compound cross-stratified sandstone is superimposed on 

laminated F4.2 sandstone in up to 7 m thick coarsening- and thickening-upward successions. 

Bed inclination increases from planar subhorizontal strata above F4.2 deposits to low-angle 
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cross beds in top parts (Fig.55). Scattered Skolithos-burrows, oxidised beds and organic 

fragments occur locally.  

 

Figure 55. Comparison of sandstone intervals in lower (left) and upper parts (right) of unit U3 at Årdalen1. The 
thick coarsening upward cycle comprises laminated, mud-rich sandstone of facies F4.2 (B) and cross-stratified 
sandstone of F5.2 (A) (A,B: by courtesy of Tore Klausen; for log legend see appendix). 

Thicker coarsening-upward sandstone intervals in upper levels of unit U3 coincide with the 

first sharp-based fining- and thinning-upward packages. The latter exhibit an inverse facies 

succession in which F5.2 cross-stratified sandstone is superimposed by mud-draped 

laminated F4.2 sandstone with abundant current ripples (Fig.56). The compound cross-

stratified sandstone rests on an erosional contact with basal lags and contains abundant 

reactivation surfaces that indicate bidirectional flow. Beds are locally very high-angle and dip 

obliquely to dominant northwestward palaeocurrent (Fig.56). This configuration illustrates 

bedform growth by lateral accretion, not parallel to residual flow. Preferred bed dip 

direction varies significantly throughout the section but is consistent in individual complexes.  
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Figure 56. Fining-upward successions in upper portions of unit U3 at Årdalen1. A sharp base with entrained 
mudstone clasts (C,D) is overlain by high-angle compound cross-stratified sandstone of facies F5.2 with 
abundant reactivation surfaces (B) and mud-draped laminated F4.2 sandstone (A) (log legend in the appendix). 

In unit U4, the average thickness of coarsening- and fining-upward sandstone bands 

decreases again in high-frequency alternations with F7 mottled mudstone that replaces F2 

on top of the sandstones (see FA-IVb). Confined lenticular bodies that decrease in width up-

section cause local sandstone thickening (5.2.2; Fig.57). Oxidised strata, iron-oxide rich 

concretions and organic matter are abundant.  

 

Figure 57. Examples of sandstone lenses recorded by photogrammetry in upper levels of unit U4. Note lateral 
mergence in A. 
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Prominent mud draping, abundant current ripples, reactivation surfaces and indicators of 

subaerial exposure characterise the depositional environment of facies association FA-III as 

mud-dominated tidally controlled near-shore system spanning the transition from sub- to 

inter- and supratidal. Impoverished Cruziana and Skolithos ichnofacies imply unfavourable 

conditions for marine benthos and, together with locally abundant organic debris, suggest 

intimate linkage with a fluvial system (MacEachern et al., 2005, 2007; MacEachern & 

Gingras, 2007).  Based on the lateral accretion pattern, abundant reactivation surfaces and 

the typical internal facies architecture of gradationally based coarsening-upward and sharp-

based fining-upward successions, the sandstone bands of unit U3 and U4 are interpreted as 

a swarm of tidal bars and associated channel infills (Fenies & Faugères, 1998; Fenies & 

Tastet, 1998; Desjardins et al., 2012a,c; Longhitano et al., 2012; Olariu et al., 2012). Lateral 

coalescence of these two elements accounts for the high continuity which is typical for 

deposits of tide-dominated systems (Ainsworth, 2010).  

The following comprehensive review of existing data on bar and channel networks in 

modern tide-dominated environments, their dynamics and expression in the outcrop 

provides insight into the evolution of deposited units at Kvalpynten.  

Discussion 

The terms “tidal ridge” and “tidal bar” are often used interchangeably (e.g. Galloway & 

Hobday, 1996; Dyer & Huntley, 1999; Reynaud & Dalrymple, 2012) or defined based on 

spatial dimension. In a quantitative classification of elongate sand banks, Wood (2004) 

proposes that sand bars are composed of one single coarsening-upward cycle and rarely 

exceed 10 km in length, 1500 m in width and 4 m in thickness. Accordingly, more complex 

larger-scale features composed of stacked coarsening-upward successions generated by 

amalgamated bar forms are referred to as sand ridges (Wood, 2004; Willis, 2005). 

A more generic concept by Desjardins et al. (2012c) and Olariu et al. (2012) was applied 

herein. In their definition, tidal bars are intimately linked with incisive channels in a laterally 

migrating network typical of estuaries or tide-dominated deltas. Tidal ridges are elongate 

bedforms modulated by currents in a more distal shelf setting that lack associated channels 

(Dalrymple & Choi, 2007; Desjardins et al., 2012c; Olariu et al., 2012).   

Both bedforms are characterised by their elongate shape with flow-parallel crests due to 

lateral accretion oblique to residual flow (Fig.58; Féniès & Tastet, 1998; Willis, 2005; Olariu 

et al., 2012; Reynaud & Dalrymple, 2012). Superimposed simple dunes migrate along this 

elongate body, not transversely across its crest as in compound dunes which produces a 

different internal architecture of compound cross-stratification (Fig.58; Dalrymple & Choi, 

2007; Desjardins et al., 2012a,c; Longhitano et al., 2012; Olariu et al., 2012). 
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Figure 58. Plan view geometry and internal architecture of tidal bars (left) and tidal dunes (right). Note the 
flow-parallel longitudinal axis and oblique accretion in tidal bars (modified from Olariu et al., 2012). 

Coarsening- and fining-upward trends are observed in nearshore tidal bar successions, 

depending on the ambient energy regime and sediment supply, i.e. proximity to the source 

(Dalrymple et al., 2003; Tänavsuu-Milkeviciene & Plink-Björklund, 2009; Goodbred & Saito, 

2012; Legler et al., 2013). Coarsening upward is preferentially produced at more distal 

locations when tidal bars advance into shallower agitated water (Fig.59; Goodbred & Saito, 

2012). Proximal intertidal settings favour fining upward and a transition to low-energy tidal-

flat deposits (Fig.59). 

The two patterns occur in tidal-bar and -channel associations at Kvalpynten as: 

 (IIIa) Non-channelised tidal-bar complexes 

 (IIIb) Channelised tidal-bar complexes 
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Figure 59. Idealised gradual coarsening-upward in tidal-bar successions (left) and sharp-based tidal-channel 
infills (right) (compiled and modified from Fenies & Tastet, 1998 and Fenies & Faugères, 1998). 

The non-channelised tidal-bar complex comprises coarsening-upward successions that tend 

to be in gradational contact with underlying units (Fig.59; Fenies & Tastet, 1998; Willis, 2005; 

Tänavsuu-Milkeviciene & Plink-Björklund, 2009; Legler et al., 2013).   

Coarsening-upward is considered an effect of accreting tidal bars at more distal locations 

reaching shallower, higher-energy realms (Dalrymple & Choi, 2007; Tänavsuu-Milkeviciene & 

Plink-Björklund, 2009; Goodbred & Saito, 2012; Legler et al., 2013). This is consistent with 

more frequently occurring current ripples (F4.2) and low-angle planar to trough cross-

bedding in upper parts of the parasequences (F5.2; Fig.55,59; see also Legler et al., 2013; 

Tänavsuu-Milkeviciene & Plink-Björklund, 2009). Lower mud-draped, laminated sandstone 

intervals host sporadic Planolites-type traces of a deposit-feeding community (F4.2) while 

coarser upper segments were primarily colonised by suspension feeders producing scattered 

Skolithos-type burrows (F5.2). Combined tidal and fluvial influence is inferred from abundant 

organic matter and an impoverished marine trace-fossil suite typical of brackish hyposaline 

environments (Buatois et al., 1997; MacEachern et al., 2005, 2007; Buatois et al., 2008; 

Desjardins et al., 2012a,c). 

In tide-dominated deltas, the width of distributary channels generally increases towards 

their terminus where they pass into subtidal depressions (Fig.60; Willis, 2005; Dalrymple & 

Choi, 2007; Fagherazzi, 2008). Due to reduced flow focusing in these less confined distal 

settings (Dalrymple & Choi, 2007) energy levels during deposition were lower compared to 

channel-infill associations. Thin (0,5-2 m), laterally continuous sandstone intervals (Fig.55) in 

lower parts of unit U3 could correspond to modern shoals off tide-dominated deltas such as 

the Ganges-Brahmaputra or Fly River delta (Fig.60; Allison, 1998; Dalrymple et al., 2003; 

Kuehl et al., 2005). The packages at Kvalpynten are traceable for kilometres across the 

outcrop. They were formed by coalescing, laterally growing bar-forms in the permanently 
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submerged subtidal zone which is evident from a lack of oxidised horizons and pedogenic 

indicators. Depositional processes dominate over erosion which is reflected in planar 

subhorizontal beds indicating vertical accretion (Fig.55; Legler et al., 2013).   

During delta progradation and continued bar growth, these subtidal elongate sand bodies 

reached more proximal areas and evolved into thicker (2-7 m) distributary-mouth bar 

complexes of the tide-dominated delta front (Fig.55; Dalrymple et al., 2003). Due to long-

term subaerial exposure, evidenced by overlying supratidal deposits (F7, FA-IV), they 

transformed into vegetated island of the outer delta plain separated by numerous channels 

(Dalrymple et al., 2003; Kuehl et al., 2005). Their occurrence marks the zone of bedload 

convergence within a delta, a place of high deposition rates (see 6.1; Dyer & Huntley, 1999; 

Dalrymple et al., 2003; Dalrymple & Choi, 2007; Goodbred & Saito, 2012).  

 

Figure 60. Funnel-shaped tidal channels (left) and subtidal shoals (right) at the Ganges-Brahmaputra delta 
front. Note how the laterally continuous sandy shoals in distal areas are landwards dissected by channels (from 
Fagherazzi, 2008 and Allison, 1998). 

The channelised tidal-bar complex forms sharply bounded fining-upward cycles, commonly 

resting on a basal erosional surface (Fig.59; Galloway & Hobday, 1996; Fenies & Faugères, 

1998; Tänavsuu-Milkeviciene & Plink-Björklund, 2009; Desjardins et al., 2012c; Hughes, 

2012; Olariu et al., 2012; Legler et al., 2013). It displays an intertidal drainage system of 

incising channels filled by laterally accreting bars (Longhitano et al., 2012; Legler et al., 

2013). Coarser grain fractions were concentrated in these draining channels due to high flow 

velocities. They contrast with an ambient mud-dominated tidal flat environment (McIlroy et 

al., 2005). Photogrammetric and outcrop data shows that erosionally based channel-infills 

commonly pinch out over some hundreds of metres to kilometres (5.2.2; Fig.29). Their width 

decreases up-section in unit U4 which illustrates the typical convergent funnel shape of tidal 

channels (Fig.60). However, these bodies are not solitary but pass gradually into adjacent 

coarsening-upward sand-bar complexes (Fig.29). 
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Spatially confined flow and active downcutting is evidenced by basal lag deposits (F5.2) with 

mudstone clasts that document reworking of surrounding tidal flat deposits (Fig.56; 

Dalrymple et al., 2003; Tänavsuu-Milkeviciene & Plink-Björklund, 2009; Goodbred & Saito, 

2012; Hughes, 2012). The sharp lower contact is overlain by high-angle compound cross-

stratified fine sandstone (F5.2), locally slightly coarser trough-cross bedded lithologies can 

occur (Fig.56). Bed inclination is not parallel but oblique to the inferred palaeoflow to the 

northwest, a typical effect of lateral bar migration in tide-dominated environments 

(Dalrymple & Choi, 2007; Desjardins et al., 2012a,c; Longhitano et al., 2012; Olariu et al., 

2012). The dominant dip direction of cross strata indicates the location of the associated 

thalweg within the channel network (Fig.61; Pearson & Gingras, 2006; Hughes, 2012). This 

fact accounts for a spectrum of opposing orientations reflecting the dynamics of a low-

gradient meandering channel system (Fig.61). Complete channel-infill cycles are capped by 

oxidised and vegetated supratidal muds (F7, FA-IV) recording progressive shallowing in a 

tidal flat environment culminating in subaerial emergence (Fig.59). The preservation of these 

overlying floodplain units suggests relatively stable channels and low migration rates, an 

attribute of tide-dominated rather than fluvial meandering streams (Solari et al., 2002; 

Fagherazzi, 2008; Goodbred & Saito, 2012; Bain, 2014).  

 

Figure 61: Proposed setting for channel-infill complexes at Kvalpynten in analogy to recent meandering tidal 
channels. Note: Bedding planes dip towards the channel thalweg (left: Fenies & Faugères, 1998). 

Incisive meandering channels filled by laterally migrating bars occur in both, distributary 

systems at river mouths and purely tidal environments (Longhitano et al., 2012). Under 

unidirectional flow, i.e. in fluvial point bars, lateral accretion generates foresets that dip 
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primarily downstream whereas in tidal environments with pronounced flow bimodality, 

cross-beds are arranged obliquely to the dominant current (Hughes, 2012; Leonardi et al., 

2013, 2014). At Kvalpynten, abundant reactivation surfaces and sporadic bidirectional cross-

strata in F5.2 sandstone, together with prominent mud draping in upper laminated parts 

(F4.2), display strong tidal influence (Fig.56). However, the abundance of sandy lithologies, 

organic debris and the lack of bioturbation are suggestive of a coexisting fluvial sediment 

and freshwater source. The conspicuous absence of ichnofauna in these channel complexes 

is regarded as a combined effect of reduced salinity and high current intensities, two major 

stress factors inhibiting colonisation (MacEachern et al., 2005, 2007; MacEachern & Gingras, 

2007). It has previously been described as diagnostic for intertidal channels in delta front 

settings (McIlroy et al., 2005; MacEachern & Gingras, 2007; Legler et al., 2013). The 

depositional setting for channel-infill complexes at Kvalpynten is proposed to be similar to 

the configuration of the tide-dominated Fly River delta where distributary-mouth bars at the 

delta front pass landwards into vegetated islands confined by narrowing channels 

(Dalrymple et al., 2003).  

6.1.4 Facies association FA-IV – Sheltered tidal flats  

Description and interpretation  

This facies association comprises mudstone lithologies that are closely interlinked with the 

occurrence of FA-III sandstone bands in unit U3 and U4. In unit U3, laminated mudstone and 

heterolithics of facies F2 dominate over FA-III sandstone layers. Up-section towards the 

thicker sandstone packages of FA-III, their average grain size decreases. At the transition 

from U3 to U4 (B8), F7 mottled mudstone becomes more abundant and substitutes F2. In 

photogrammetry, this level is marked by a colour change from dark grey to red-greenish. 

These youngest successions, which are only preserved in unit U4 of sector H1, are 

characterised by high-frequency alternations of 2 to 5 m thick sandstone bands (FA-IIIb) and 

similarly dimensioned F7 mudstone. 

Lower laminated intervals in unit U3 contain abundant mud-draped sandstone lenses that 

induce wavy and lenticular bedding in places (F2). Sporadic coquina beds of facies F6 form 

distinct intercalations that contrast with surrounding purely siliciclastic successions. In lower 

parts of unit U3, they are developed as normally graded, 1 to 10 cm thick rippled beds with 

internally oriented bivalve fragments (Fig.62). Further up in the section of Årdalen1, a 50 cm 

thick bed with chaotically arranged bioclasts and prominent soft-sediment deformation 

(Fig.62) is associated with thick fining- and coarsening-upward packages of FA-III.  
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Figure 62. F6 coquina intercalations in unit U3. At lower levels, sheet-like deposits with oriented shell fragments 
prevail (C,D) while in upper parts, thick beds with chaotic texture occur (A,B) (relative position at Årdalen1 on 
the left). 

The mottled mudstone of facies F7 in unit U4 exhibits a grey to green or red colour and 

multiple pedogenic features (Fig.63). It is distinguished from F2 deposits by its widely 

structureless, mottled character and fine grain size. Orange iron-oxide rich concretions and 

root casts that advance into underlying beds of FA-III sandstone are common (Fig.63). The 

organic content is higher compared to F2 successions. F7 mudstone contains repeated 

intercalations of laterally extensive, thin tabular sheets of rippled very fine sandstone on 

centimetre-scale (Fig.63).  

Based on their occurrence in association with FA-III sandstone complexes and an overall 

fining-upward trend from mud-draped heterolithics in lower parts to oxidised intervals with 

abundant root casts and organic debris, facies association FA-IV is interpreted as tidal flat 

environment at the sub- to inter- and supratidal transition (Mauz & Bungenstock, 2007; 

Desjardins et al., 2012a; Fan, 2012, 2013). Fluvial influence is inferred from abundant organic 

matter and the diminished ichnodiversity in co-occurring bar and channel systems (FA-III).  

In this context, F6 coquina beds in unit U3 may originate from mass wasting at the front of a 

fluviotidal channel network (Plink-Björklund & Steel, 2004; MacEachern et al., 2005; Legler 

et al., 2013) and tabular sandstone sheets in F7 mottled mudstone represent channel spill-

overs deposited on the floodplain (Galloway & Hobday, 1996; Boggs, 2006).  

The laterally interfingering tidal-flat subenvironments should be addressed as continuum 

marking the fluvial-marine facies transition (Dalrymple & Choi, 2007). An upward increase in 

terrestrial signals and relative weakening of tidal controls corresponds to a model by 
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Tänavsuu-Milkeviciene & Plink-Björklund (2009) which describes the transformation of tide-

dominated deltas into tide-influenced deltas in the course of progradation. 

 

Figure 63. High-frequency alternations of thin fining- and coarsening-upward sandstone bands (F4.2,F5.2) with 
mottled mudstone (F7) in unit U4 (B). A: Epidsodically intercalated thin sandstone sheets, C,D: Diagnostic red 
and green mottled alteration of F7 mudstone with concretions (relative position in U4 at Årdalsnuten1 on the 
left; B,C,D: by courtesy of Tore Klausen) 

In the following, observations on FA-IV successions are combined with interpretations of FA-

II and FA-III and put into perspective with regard to modern analogues.  

Discussion 

Tidal flats are low-relief depositional systems covering extensive areas in tide-dominated 

marginal marine environments. They form along open coasts with limited wave action or in 

sheltered settings such as embayments, estuaries or in backshore realms of barrier islands 

(Boggs, 2006; Fan, 2012).   

Following Hayes (1979), three environments can be defined based on tidal range: microtidal 

(< 2 m), mesotidal (2-4 m) and macrotidal coasts (> 4 m). For tidal ranges exceeding 8 m, the 

term megatidal was introduced by Levoy et al. (2000). While barrier complexes are exclusive 

to wave-dominated micro- and mesotidal settings, tide dominance favours the evolution of 

open-coast tidal flats in meso-, macro- and megatidal environments (Hayes, 1979; Masselink 
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& Short, 1993; Eisma, 1998; Boggs, 2006; Leeder, 2011; Dashtgard et al., 2012; Fan, 2012, 

2013). Large tidal range can cause subaerial exposure of bedforms that are normally located 

in over 10 m depth during mean high water (Levoy et al., 2000; Wang et al., 2002; Dashtgard 

et al., 2009). At Kvalpynten, macrotidal conditions potentially facilitated episodic emergence 

and oxidisation of dune crests (FA-IIa). 

Depending on tidal range and topographic gradient, a tripartite zonation develops across 

tidal flats (Boggs, 2006). The subtidal zone is the subaqueous part below mean low water 

(MLW) where bedload deposition prevails. Exposure of upper subtidal domains is possible 

during spring tide. Intertidal mixed sand-mud flats between mean low water (MLW) and 

mean high water (MHW) experience recurrent phases of exposure. They form in response to 

combined bedload and suspension transport. The supratidal realm above mean high water 

(MHW) is the landward limit of tidal flats. It is often vegetated as flooding occurs only 

sporadically during spring tides with dominant deposition from suspension. The spatial 

distribution of these zones with differing sediment composition creates fining-upward 

parasequences in the course of coastal progradation (Fig.64; Mauz & Bungenstock, 2007; 

Desjardins et al., 2012a; Fan, 2012, 2013).  

Modern intertidal zones reach maximum widths of 25 to 36 km (Wang et al., 2002; Boggs, 

2006). One of the largest recent delta floodplains, a supratidal flat dissected by numerous 

meandering channels, is situated at the tide-dominated Ganges-Brahmaputra river mouth. It 

extends over 150 km alongshore and 100 km inland (Fig.65; Kuehl et al., 2005). 

 

Figure 64. Cross-shore zonation and associated deposits of recent tidal flats (modified from Mauz & 
Bungenstock, 2007).  

Most modern examples of extensive muddy open-coast tidal flats occur in association with 

large rivers, e.g. offshore the Amazon and Orinoco or the Huanghe and Changjiang delta 
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(Froidefond et al., 1988; Wang et al., 2002; Fan, 2012). These systems are characterised by 

high sediment discharge (Kuehl et al., 1996; Saito et al., 2001) which weakens the landward-

directed effect of tidal pumping (Goodbred & Saito, 2012). The enhanced offshore export of 

river-derived sediment combined with cross-shore and alongshore currents facilitate the 

formation of tidal flats spanning several thousand kilometres along the coast (Froidefond et 

al., 1988; Wang et al., 2002).  

These exposed open-coast tidal flats exhibit markedly different characteristics from 

protected back-barrier environments and estuarine or deltaic embayments. Most notably, 

sheltering limits the impact of storm events and provides the basis for a delicate network of 

drainage channels dissecting the mud flat (Fig.65; Fan, 2012, 2013). Thus, the extensive tidal-

bar and channel-fill sandstone complexes of facies association FA-III (F4.2, F5.2) point 

towards a sheltered system sourced from large rivers discharging into a shallow 

epicontinental sea.   

Mixing of river-derived suspension load with saline sea water promotes mud deposition at 

the fluvial-marine transition (Dalrymple & Choi, 2007). Coagulation and precipitation of 

surface-charged clay particles is induced by the high ionic strength of ambient sea water, 

dissolved and particulate organic matter and the presence of minor turbulence (Maggi et al., 

2006; Mietta et al., 2009). Moreover, significant freshwater influx by nearby rivers causes 

reduced salinity which acts as major stress factor in marginal marine ecosystems. 

Unfavourable hyposaline conditions affect species diversity resulting in the depauperate 

Cruziana ichnofacies of F4.1 sand-sheet margin and F4.2 tidal-bar deposits (Buatois et al., 

1997; MacEachern et al., 2005, 2007; Buatois et al., 2008; Desjardins et al., 2012c). 

 

Figure 65. Modern examples of sheltered tidal flats in back-barrier systems of the Wadden Sea (left) and at the 
Ganges-Brahmaputra delta (right). Note the delicate network of meandering channels. Red line marks the tidal 
limit (see Fig.66; after Kuehl et al., 2005) (Left: Wadden Sea Secretariat, Link5; A,right: ESA, Link6). 
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The Late Triassic Barents Shelf was part of a shallow epicontinental sea in somewhat similar 

to the modern North Sea (Mørk et al., 1982; Aga & Worsley, 1986; Ziegler, 1988; Riis et al., 

2008; Smelror et al., 2009; Glørstad-Clark et al., 2010; Anell et al., 2014a). Narrow seaways 

limit the fetch for wave generation (Wang et al., 2002; Longhitano et al., 2012; Reynaud & 

Dalrymple, 2012) while simultaneously increasing tidal amplitude referred to as funneling 

effect (Nichols, 2009; Wells et al., 2010; Reynaud & Dalrymple, 2012). Therefore, spatial 

restriction and shallow water promote the evolution of tide-dominated macrotidal 

environments.  

Humid temperate climate during the Triassic provided the basis for efficient denudation and 

high sediment discharge by rivers draining the adjacent hinterland (Mørk et al., 1982; 

Harland, 1997; Pčelina & Korčinskaja, 2008; Mueller et al., 2014; Vigran et al., 2014). 

Analogously, several large rivers feed the Wadden Sea system which extends over 500 km 

along the coast (CWSS, 2012). Barrier islands facilitate mud deposition in sheltered back-

barrier settings (Fig.65; Dieckmann et al., 1988; Eisma, 1998). At Kvalpynten, shore-parallel 

inner shelf compound-dune complexes might have served as equivalent barriers absorbing 

large portions of wave energy. Prominent wave-generated structures in sand sheet-front 

and -core deposits (U2) contrast with overlying, more proximal intervals lacking comparable 

elements (U3, U4). They support the concept of a sheltered coastal environment. Moreover, 

oxidised caps of some dune bodies show that compound-dune crests reached the intertidal 

zone in relatively shallow water. It implies that these bedforms grew to a sufficient height in 

order to achieve adequate protection (see Kjølstad, 2014).  

Despite several discharging rivers, freshwater influx into the Wadden Sea is relatively low 

(Wang et al., 2012). Consequently, hyposaline conditions are less pronounced and stress 

levels faunal communities are exposed to are lower than in most estuarine or deltaic 

environments (CWSS, 2012). High freshwater discharge can establish a persistent surface 

layer of reduced salinity and initiate stable stratification off river mouths such as near the 

Ganges-Brahmaputra delta front were riverine water advances far seaward (Kuehl et al., 

2005). Given the diminished ichnofaunal diversity at Kvalpynten, an analogue setting with 

immediate fluvial influence causing pronounced salinity fluctuations is suggested. Funnel-

shaped, restricted embayments are typical features of tide-dominated deltas (Tänavsuu-

Milkeviciene & Plink-Björklund, 2009; Goodbred & Saito, 2012).  

Their specific geometry increases tidal range and thus, favours the development of 

macrotidal conditions (Nichols, 2009; Wells et al., 2010; Reynaud & Dalrymple, 2012; Fan, 

2013). This, in turn, allows the tides to penetrate up to several hundreds of kilometres into 

fluvial distributaries and affect sediment transport and deposition far inland of the shoreline 
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(Fig.65,66; Hori et al., 2002; Dalrymple et al., 2003; Tänavsuu-Milkeviciene & Plink-Björklund, 

2009; Fan, 2013). 

In tide-dominated deltas, a fringing belt of elongate tidal sand bars fanning out towards the 

sea is coincident with the place of bedload convergence, a zone of high deposition where 

onshore marine and offshore fluvial flux compensate for each other (Fig.66; Dyer & Huntley, 

1999; Dalrymple et al., 2003; Dalrymple & Choi, 2007; Goodbred & Saito, 2012). This zone is 

typically located in proximity to the mouth of the embayment (Fig.66; Dalrymple et al., 2003; 

Dalrymple & Choi, 2007; Goodbred & Saito, 2012) but can be shifted tens of kilometres 

depending on the relative balance between fluvial discharge and tidal current intensity 

(Nittrouer et al., 1986).  

 

Figure 66. Conceptual model of a funnel-shaped tide-dominated delta. Note the extensive zone of tidal influence 
between bedload convergence and tidal limit. Also note the local maximum of average grain size at the bedload 
convergence (modified from Dalrymple & Choi, 2007). 

Across the transition from delta front to subaerial delta plain, more distal subaqueous sand 

bars pass landwards into emergent vegetated islands separated by defined narrow channels 

(Fig.65,66; Galloway & Hobday, 1996; Dalrymple et al., 2003; Desjardins et al., 2012a). 

Hence, two types of associated mud-flats can be differentiated: 

 (IVa) Subtidal to intertidal flat  

 (IVb) Vegetated supratidal flat or delta floodplain 
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The subtidal to intertidal flat represents a widely featureless mud-dominated subaqueous 

plain with non-channelised and channelised tidal-bar complexes (F4.2, F5.2, FA-III). In lower 

subtidal parts, sporadically intercalated thin, continuous sandstone packages (≤ 2 m; Fig.62) 

correspond to extensive sandy shoals at the distal delta front (Fig.60,65; FA-IIIb; Allison, 

1998; Dalrymple et al., 2003; Kuehl et al., 2005). There are no signs of subaerial exposure 

which implies continuous submergence in a subtidal environment. Goodbred & Saito (2012) 

describe such alternations as incipient stage of mouth-bar formation. Towards the intertidal 

zone, the thickness of sandstone units increases up to 7 m, high-angle cross-strata occur 

(F5.2) and organic debris is more abundant. Episodes of subaerial exposure are evident from 

oxidised layers at the top of the sandstone intervals but the absence of pedogenic features 

proves these periods were of short duration and insufficient for palaeosol formation. More 

proximal bar-forms in upper parts of the section (Årdalsnuten1) reached the supratidal zone 

inland of the river mouth where they transformed into vegetated islands of the lower delta 

floodplain (F7) (Dalrymple et al., 2003; Kuehl et al., 2005).   

Occasional intercalations of very fine sandstone with abundant shell fragments (F6) are 

interpreted as deposits originating from inter-channel bank failure (Fig.62; Legler et al., 

2013). Associated reworking by gravity-driven processes is commonly observed in delta-

front settings (MacEachern et al., 2005). The two types of coquina (Fig.62) reflect different 

transport mechanisms for unconsolidated sediment. A chaotic fabric is indicative of short 

transport paths as e.g. during slumping, whereas fragment orientation requires dislocation 

by unidirectional currents over longer distances and time intervals. At delta fronts, 

persistent turbidity-like currents can evolve from injected riverine water with exceptionally 

high suspension load (Normark & Piper, 1991; Mulder & Syvitski, 1995; Plink-Björklund & 

Steel, 2004). Freshwater density increases relative to the surrounding sea water and 

hyperpycnal flow develops. A plausible shell-rich source lithology, although not preserved in-

situ,  are condensed lag deposits like cheniers that form in response to reduced fluvial 

sediment supply (Saito et al., 2000; Goodbred & Saito, 2012). The initiation of hyperpycnal 

flow by high sediment load contrasts with these phases of winnowing during low sediment 

discharge and could evidence fluctuations in the fluvial system. 

The vegetated supratidal flat is coincident with the delta floodplain which accounts for the 

most proximal, subaerial part of a mud flat in deltaic systems. Youngest tidal flat associations 

at Kvalpynten are progressively more oxidised due to longer periods of exposure generating 

a characteristic mottled lithology (F7; Fig.63). Green colouration suggests considerable 

concentration of glauconite, a mineral whose formation is favoured in reducing shallow 

marine milieus with abundant organic matter (Banerjee et al., 2016). While red hematitic 
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alteration is diagnostic of well drained soils in semi-arid to arid environments (Collinson, 

1996; Ruskin & Jordan, 2007; Tabor & Myers, 2015) the presence of orange goethitic 

rhizohalos in combination with calcareous siderite concretions suggests rather humid, poorly 

drained conditions (Gordon and Bridge, 1987; Tabor & Myers, 2015). This is in accordance 

with findings by Stensland (2012) and Enga (2015) who classify the Late Triassic 

palaeoclimate in the Barents Sea area as primarily humid with pronounced seasonal 

fluctuations. These conditions were favourable for plant growth, evident from abundant root 

casts which, together with observed pedogenic processes, document prolonged episodes of 

subaerial exposure in a vegetated coastal zone. 

Proximity to a fluvial freshwater source is inferred from underlying tidal-channel and sand-

bar successions containing low-diversity low-abundance ichnofaunal assemblages (Fig.63; 

F5.2, F4.2; see FA-III). The channel complexes in uppermost parts of unit U4 (see 5.1.2) 

reflect the dissection of this mud-dominated supratidal flat by numerous channels, a 

situation similar to that on floodplains of modern tide-dominated deltas such as the Ganges-

Brahmaputra or Fly River (Fig.65; Allison, 1998; Dalrymple et al., 2003; Goodbred & Saito, 

2012). Rhythmically intercalated thin sheets of very fine sand with current ripples (F7) are 

interpreted as repetitive spill-overs of nearby channels that were deposited on the mud flat 

during rising tide (Fig.63; Galloway & Hobday, 1996; Boggs, 2006).  

6.2 Facies associations underlying the draping shale 

In the following, the youngest facies associations of the growth-faulted lower section at 

Kvalpynten are briefly discussed with the purpose of achieving a comprehensive chronology 

of the palaeoenvironmental evolution. The description is primarily based on outcrop data 

from Vogelberget1 (Fig.67) and lowermost accessible successions at Årdalen1. 
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Figure 67. Log of the lower section of SW-Kvalpynten with vertical vertical distribution of facies associations. 
See text for detailed descriptions (for log legend see appendix). 

6.2.1 Facies association FA-V – Prodelta, delta slope 

Description and interpretation  

Facies association FA-V is dominated by F1 mudstone with subordinate intercalations of F10 

sandstone. The sandy intervals are developed as continuous layers of some centimetres 

thickness in lower parts and up to 25 cm thick and 1 to 3 m wide lenses higher up. Their 

abundance increases overall up-section. Deposits of FA-V account for the stratigraphically 

lowest accessible units at Kvalpynten below the draping shale where they form over 30 m 

thick shale-dominated successions. 

The shale-prone platy mudstone of facies F1 with sporadic bivalve fragments and 

Phycosiphon-, Cosmorhaphe and Planolites-type traces composes widely homogeneous 

units. Towards upper parts, the silty component increases and concave-up casts occur 

(Fig.68). Simultaneously, F10 intercalations are more abundant, thicker and of smaller lateral 

dimension. Thickest sandstone lenses rest on a sharp concave-up base, locally with load 

casts or flute marks (Fig.68). Internally, they are normally graded with plane-parallel 

laminated fine sandstone at the base and current- or climbing-ripple cross-laminated very 
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fine sandstone at the top (Fig.68). Locally, these fine structures are overprinted by soft-

sediment deformation (Fig.68). Entrained mudstone clasts and organic debris are common in 

F10 sandstone, in particular in the youngest successions of FA-V. 

 

Figure 68. Mudstone-filled casts (A) and intercalated sharp-based F10 sandstone lenses (C) in F1 shale. B: 
Internal plane parallel lamination succeeded by current ripples, D: Internal soft-sediment deformation, E: Basal 
load casts (relative position in the lower section on the left; for log legend see appendix).  

The thick homogeneous shale and mudstone of facies F1 with body fossils and a full marine 

trace-fossil suite of the Zoophycos or Nereites ichnofacies (MacEachern et al., 2007) indicate 

an unrestricted, open marine environment below fair-weather wave base in which 

continuous sedimentation from suspension prevailed. This low-energy regime contrasts with 

the ripple-laminated and soft-sediment deformed incisive sandstone bodies of facies F10. 

Load casts and occasional fluid-escape structures develop during rapid loading and rather 

instantaneous event-like deposition. Normally graded deposits in which planar laminae pass 

into current ripples are typical products of decelerating unidirectional currents. They are 

interpreted as partially preserved Bouma sequence at the transition from supercritical to 

subcritical flow (C and D units after Middleton, 1993). Combined with abundant indicators of 

rapid sedimentation and the lenticular geometry of sandstone bodies, this internal 

configuration suggests a turbiditic origin for F10 intercalations. Sediment transport by 
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turbidity currents is a common gravity-driven process along subaqueous slopes. While 

concave-up casts document incision in upper portions of the slope due to high flow intensity, 

more continuous thin layers represent aprons that formed basally when the flow fanned out 

under less confined conditions (Middleton, 1993; Galloway, 1998). At Kvalpynten, the 

system was sourced from a proximal area with terrestrial influence which accounts for the 

high organic content of F10 sandstone bodies. Accordingly, facies association FA-V spans the 

transition from inner shelf to prodelta and delta slope seaward of a strongly river-influenced 

system. 

Comparison with associations overlying the draping shale   

Some important differences to the heterolithic mudstone of FA-I in the upper section of 

Kvalpynten should be emphasised. FA-I is characterised by: (1) smaller average grain size and 

less abundant small-scale sandstone lenses, (2) a full-marine ichnofacies and (3) turbiditic 

intercalations. 

6.2.2 Facies association FA-VI – Mixed-energy channels, mouth bars 

Description and interpretation  

The stacked sandstone bodies of this facies association are restricted to levels below the 

draping sandstone unit in the growth-faulted lower section and to lower parts of the draping 

shale at B2 (Fig-M-4). Sharp-based fining-upward and subordinate coarsening-upward 

successions of 1 to 2 m thickness compose laterally heterogeneous sandstone complexes. 

The total thickness of these composite units is highly variable due to prominent 

syndepositional faulting. Internally, individual fining-upward packages reveal the recurrent 

facies succession F8.1-F4.2; F3 occurs in places. They are closely stacked with absent to only 

subordinate mudstone (F2; Fig.69). Locally, defined lenticular geometries of 3 to tens of 

metres width and 0,5 to 2 m thickness were identified in the outcrop at Vogelberget1 (H2). 

The fining- and thinning-upward cycles initiate from a lower erosional base with abundant 

mudstone clasts (Fig.69). In overlying F8.2 sandstone, primary sedimentary structures are 

commonly obliterated by soft-sediment deformation and fracturing. Where they are 

preserved, small-scale trough cross-stratification dominates over low-angle tangential cross-

bedding. Wave ripples with crests striking NW-SE are very abundant. F8.2 sandstone is 

overlain by F4.2 planar and current-ripple laminated sandstone with prominent mud-

draping. Locally, more mud-rich flaser-bedded heterolithics and climbing ripples of facies F3 

are developed. Current ripples indicate dominant flow to the SW (see 5.2.1). Organic debris 

and orange concretions on centimeter-scale are common, bioturbation scarce with only 

scattered Skolithos burrows (0-1). 
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Figure 69. Series of closely stacked sharp-based fining-upward sandstone packages (F8.1, F4.2) with (A) basal 
mudstone clasts, (B) abundant wave ripples and (C) small-scale trough cross-stratification. Note the scarcity of 
fine-grained lithologies (relative position in the lower section on the left; log legend in the appendix).  

Dominant trough cross-stratification, abundant wave and current ripples and prominent 

mud-draping represent signals of an agitated mixed-energy environment with tidal and wave 

influence. Trough-cross beds are produced by migrating 3D-bedforms with sinuous crests. 

Their formation requires high energy levels and intense scouring (Ashley, 1990; Dalrymple & 

Rhodes, 1995; Nichols, 2009). By contrast, mud-draping implies that episodes of slack water 

allowed settling of finer particles from suspension. Generally high rates of substrate 

mobilisation inhibited the establishment of a diverse ichnofauna and allowed only occasional 

colonisation by deep-burrowing suspension feeders (MacEachern et al., 2007). With respect 

to the high organic content, it is suspected that the particularly low degree of bioturbation is 

a combined effect of fluvial freshwater influence and ambient hydrodynamics typical of 

deltas and estuaries (Buatois et al., 1997; MacEachern et al., 2005, 2007; Buatois et al., 

2008). Moreover, sharp-based fining- and thinning-upward packages display the 

characteristic architecture of channel-infill successions (Allen, 1970; Bhattacharya, 2006; 

Nichols, 2009). Subaerial exposure is evidenced by iron-oxide rich concretions. 

Based on the presented criteria with indications of fluvial, wave and tidal influence, facies 
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association FA-VI is interpreted as delicate terminal distributary system (Olariu & 

Bhattacharya, 2006) at and immediately inland of a mixed-energy delta front. In this context, 

soft-sediment deformation structures (F5.2) suggest an exposed delta front that was subject 

to wave action and storm-induced reworking. High-energy events or undercutting can 

facilitate bank failure and slumping at delta fronts (MacEachern et al., 2005; Legler et al., 

2013) which causes rapid deposition and liquefaction in channel sediments typical of river-

dominated environments (Bhattacharya, 2006). This process implies the presence of well-

defined sinuous channels with confining lateral banks of adequate resistance (Lazarus & 

Constantine, 2013). Combined with high concentrations of organic matter, it supports the 

interpretation of FA-VI successions as river-dominated distributary channel belt with tidal 

and wave influence in a mixed-energy delta front. 

Comparison with associations overlying the draping shale   

The channel deposits of facies association FA-VI resemble those of FA-III in youngest 

successions of unit U4 but some significant differences require attention, namely: (1) the 

dominance of erosionally based fining-upward over gradationally based coarsening-upward 

packages, (2) more closely stacked, vertically amalgamated sandstone packages, (3) widely 

absent overlying floodplain deposits (F7), (4) higher abundance of 3D geometries and wave-

generated structures relative to 2D planar geometries and tidal indicators, (5) prominent 

convolute bedding, (6) lower bioturbation intensity, and (7) higher content of organic debris. 

6.2.3 Facies association FA-VII – Tide-influenced fluvial channels 

Description and interpretation  

This facies association composes youngest successions of the lower section, the draping 

sandstone band below B1 that is highly variable in thickness but traceable across Kvalpynten 

(Fig-M-4). Multiple sandstone bodies are vertically and laterally amalgamated along 

abundant discontinuities. At Vogelberget1 (H2), they form a sharp-based, 10 m thick stack of 

F8.2 sandstone with sporadic intercalations of F9 beds. Mudstone is widely absent. 

In the thick sandstone complexes of facies F8.2, large-scale trough and tangential cross-beds 

alternate with thick massive beds (Fig.70). Individual bodies are not easily identified due to 

the high degree of amalgamation and abundant erosional surfaces (Fig.70). The preferred 

orientation of low-angle foresets is parallel to measured palaeoflow towards the SW. They 

occur repeatedly in association with smaller-scale cross strata that dip in the opposite 

direction. Organic fragments are abundant and in places, concentrated in thin enriched 

layers (Fig.70). At Vogelberget1, dark red-stained beds of F9 laminated sandstone are 

intercalated in F8.2 sandstone complexes (Fig.70). Internal herringbone and current-ripple 
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cross-lamination indicates flow to the NE, opposite to signals obtained from current ripples 

in F8.2. The red beds are slightly finer-grained than embedding sandstone and contain more 

abundant iron-oxide rich concretions. Bioturbation is absent. 

 

Figure 70. Highly amalgamated large-scale trough- and tangential cross-stratified F8.2 sandstone bodies 
bounded by unconformities (A) with intercalated organic-rich layers (B) and finely laminated red F9 sandstone 
beds (C). Note internal herringbone (D) and current-ripple cross-lamination (E) (relative position in the lower 
section on the left; for log legend see appendix).  

Based on the high level of vertical and lateral coalescence along erosional discontinuities, 

large-scale cross-stratification, abundant organic debris and current ripples and the absence 

of bioturbation, deposits of facies association FA-VII are interpreted as amalgamated fluvial 

channel-infill and point-bar successions. In point bars of meandering rivers, beds dip 

downstream flow-parallel despite prevailing lateral accretion.  Superimposed simple dunes 

migrate crest-parallel in a forward manner under unidirectional flow which creates down-

current inclined bedding planes (Hughes, 2012; Ghinassi & Ielpi, 2015). Subordinate beds 

dipping upstream are considered products of complex meander-migration dynamics 

whereby a tidal component is not required (Ghinassi et al., 2014; Ghinassi & Ielpi, 2015). 

Pronounced amalgamation confirms a dynamic distributary system where channels diverge, 

coalesce and incise into each other. Fluvial meandering channels in low-gradient areas often 

develop higher sinuosity and migrate at higher rates than their more stable tidal counterpart 
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(Solari et al., 2002; Dalyrmple & Choi, 2007; Willis, 2005; Fagherazzi, 2008; Goodbred & 

Saito, 2012; Bain, 2014). Intense sediment shifting in an agitated fluvial environment 

reduced colonisation windows for endobenthos to a minimum which is evidenced by the 

lack of biogenic reworking (MacEachern et al., 2005, 2007). 

The inferred strong fluvial dominance seems to contradict signals of flow reversal in F9 

sandstone beds. Their diagnostic red colouration indicates higher concentrations of oxidised 

iron-rich clay minerals which is consistent with a smaller average grain size. With regard to 

observed swatchway channels on tidal bars (Eisma, 1998; Willis, 2005) and chute channels 

dissecting purely fluvial point bars (Fig.71; Willis, 2005; Ghinassi et al., 2014), these beds are 

interpreted as deposits related to “tidal flood chutes”. This postulated transitional type 

developed during spring tide and /or low fluvial discharge when tidal flood-currents 

penetrated further inland into normally river-dominated distributaries (see Dalrymple & 

Choi, 2007). They cut through fluvial point bars in an upstream direction depositing a mud-

rich, finely laminated lithology distinctly different from the ambient meander-belt 

sandstone. Flooding episodes are reflected in landward oriented current ripples, low tide 

and slack-water periods in thin internal mud drapes.  

In combination, facies F8.2 and F9 define a tidally influenced river-dominated distributary 

system. 

 

Figure 71. A: Conceptual formation of chute channels by flow separation in fluvial systems; B:Swatchway 
channels  in a modern estuary (A: modified from Willis, 2005; B: Hughes, 2012) 

Comparison with associations overlying the draping shale   

In the upper section of Kvalpynten, no equivalent facies associations to FA-VII occur. Strong 

fluvial dominance and large-scale amalgamated multistorey stacks of channel infills 

characterise a very proximal setting. Good vertical connectivity of sandstone bodies 

contrasts with successions overlying the draping shale which are laterally very continuous 

but vertically clearly compartmented. The absence of mudstone intervals suggests a smaller 

aggradational component in lower parts. 
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7 Palaeoenvironmental model 

By the end of the Carnian, a coastal plain prograding across the Barents Shelf reached 

Svalbard. Gently west-northwestward dipping clinothems were deposited at Kvalpynten 

when a deltaic system advanced onto the submerged Edgeøya platform. The obtained 

clinoform orientation from photogrammetry is consistent with a northwestward shoreline 

translation on regional scale recording the progressive infill of the Uralide foreland basin 

from the southeast. Preceding phases are well documented in offshore seismic and well data 

from areas southeast of Svalbard (Riis et al., 2008; Høy & Lundschien, 2011; Glørstad-Clark et 

al., 2010, 2011; Anell et al., 2014a,b; Lundschien et al., 2014). Further validation arises from 

palaeocurrent data displaying dominant flow to the northwest and wave-ripple crests 

trending NE-SW parallel to the inferred shoreline (Fig.32). These indicators should be 

discussed independently from signals in lower stratigraphic units on Edgeøya because oldest 

deltaic successions of the De Geerdalen Formation reflect locally aberrant progradation to 

the southwest (Fig.32; see also Knarud, 1980; Osmundsen et al., 2014) in a different 

sequence-stratigraphic context (see 8.; Klausen et al., 2015). Thus, palaeoflow data 

presented in other studies are compound (Høy & Lundschien, 2011; Anell et al., 2014a; Rød 

et al., 2014) and require chronostratigraphic extraction for comparison.  

The following model focusses on depositional environments of the upper, younger 

progradational cycle of the De Geerdalen Formation at Kvalpynten. Depth estimations for 

the NW Barents Sea during the Carnian range from 300 to 400 m (Riis et al., 2008) and 130 

to 500 m (Glørstad-Clark et al., 2010). The Edgeøya platform, however, formed a 

subaqueous structural high with shallower water depths (Henriksen et al., 2011; Anell et al., 

2014a, 2015, 2016; Vigran et al., 2014). Corresponding successions at Kvalpynten are 

composed of low-angle clinothems that were deposited by a northwestward prograding 

delta during relative sea-level highstand in a Late Triassic episode of global sea-level rise (see 

8. & 9.; Haq et al., 1987; Ruban, 2015). Significant aggradation in this supply-driven system 

promoted the complete preservation of cross-shore facies belts in vertically stacked 

parasequence-sets (see 8.). 

7.1 Depositional subenvironments of a tide-dominated delta front 

The regressive facies succession overlying the draping shale reveals defined zones across a 

tide-dominated, sheltered delta front comprising (from distal to proximal): 

 an outer delta-front platform with compound dunes (FA-I, II) 
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 a central delta-front platform with wide subaqueous channels (FA-I) 

 an inner delta-front platform with tidal bars and coalescent shoals (FA-IIIa, IVa) 

 a subaerial delta front with interfingering tidal-channel and tidal-bar complexes (FA-

IIIb) passing into a vegetated delta plain (FA-IVb) and distributary channels  

 

Figure 72. Depositional model for tide-dominated deltaic successions at Kvalpynten. Note the presence of two 
deposcentres spatially divided by a zone of sediment bypass  due to intense current action.  

The outer delta-front platform coincides with a distal depocentre for the sand fraction in 

tide-dominated deltas (Fig.72; Goodbred & Saito, 2012). Sediment is transported offshore by 

strong currents that decelerate with increasing distance to the shoreline until they reach a 

critical threshold and particle settling commences. At Kvalpynten, declining transport 

capacity of dominant ebb currents resulted in the formation of extensive sand sheets, 

internally composed of simple and compound dunes with crests transversely oriented to 

dominant flow (Fig.72; FA-II). Dune dimensions decrease downstream along the direction of 

sediment transport from the more proximal sand sheet core to the front and the distal 

margin. Faster migrating simple dunes superimpose on less mobile compound dunes 

forming forward accretionary sets in large composite bedforms (Allen, 1980; Ashley, 1990; 

Dalrymple & Rhodes, 1995; Desjardins et al., 2012c; Choi & Jo, 2015). 
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The compound cross-stratification of these dunes with common reactivation surfaces 

displays a strongly tide-dominated environment with recurring episodes of flow reversal. A 

stronger ebb-component caused seaward bedform migration due to dominant westward 

accretion (FA-II; Fig.50). Sediment dispersal in the distal delta-front platform is a function of 

multiple hydrodynamic factors also involving wave-induced stresses and longshore currents 

(Fig.72, see also 9.). In particular, the sand sheet front was agitated by fair-weather waves 

generating a combined-flow regime in interaction with unidirectional tidal components (FA-

IIb).  

The absence of storm-induced structures combined with intense tidal modulation 

characterises a sheltered shallow marine environment benefiting tidal amplification. Putting 

quantitative constraints on depositional depth is problematic because a simple relationship 

between dune dimension and water depth is not given (see 9.; Bartholdy et al., 2005; Van 

Landeghem et al., 2009; Desjardins et al., 2012c). Oxidised intervals in the sand sheet core, 

however, suggest that depth did not significantly exceed 10 m (FA-IIa; see 9.). This value 

refers to an estimated maximum tidal range in megatidal settings allowing subaerial 

exposure of dune crests during spring low tide (Levoy et al., 2000; Wang et al., 2002; 

Dashtgard et al., 2009). It is on the upper limit of common depths for compound dunes 

stated by Dalrymple & Choi (2007). Although the exact distance to the shoreline is unknown 

this implies a very gently sloping subaqueous plain. Recent examples of distal dune arrays 

occur in up to 100 km distance from the river mouth in tide-dominated deltas of high 

sediment discharge (Kuehl et al., 1997). A very shallow low-gradient platform facilitating 

seaward advance of fluvial freshwater plumes may account for an impoverished trace-fossil 

suite even in distal locations (FA-I, II; see 9.). 

The central delta-front platform is dominated by strong cross-shore and alongshore 

currents inducing sediment bypass (Fig.72). It represents a wide, non-depositional plain 

separating proximal tidal bars from distal compound dunes (Fig.72). At Kvalpynten, the 

transition from outer to central delta-front platform is marked by incisive features along 

boundary B5. Channels of 1500 m width cut 20 to 35 m down into sand-sheet complexes of 

unit U2 (sector H1; Fig.27,28). They are filled with steeply westward dipping clinothems 

(~10°) or onlapping subhorizontal layers.  Unverricht et al. (2013) mapped analogue 

subaqueous channels along the modern Mekong delta where powerful longshore currents 

produce shore-parallel incisions (see 9.). Based on their observations, the lenticular body at 

the southern tip of Kvalpynten is interpreted as cross-section of a subaqueous channel along 

a NE-SW trending shoreline. The channel infill reflects repeated, high-frequency episodes of 

increased sand supply creating a pronounced cyclicity in small-scale clinothems (Fig.27). 
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The inner delta-front platform represents the seaward terminus of the proximal depocentre 

(Fig.72). Thin coherent subtidal shoals (FA-IIIa) form as incipient stages of elongate 

distributary-mouth bars in more proximal areas (Allison, 1998; Dalrymple et al., 2003; Kuehl 

et al., 2005; Goodbred & Saito, 2012). Unconfined flow allows continuous vertical accretion 

in these unchannelised complexes. Flow focusing increases with closer proximity to the 

feeder channels in a convergent funnel-like manner creating intertidal channel-bar 

networks (FA-IIIb; Dalrymple & Choi, 2007). At the transition from unit U3 to U4, these 

channels are several kilometres wide and their lenticular geometry becomes only apparent 

in vertical exaggeration (Fig.29). Higher energy levels in a tide-dominated environment are 

recorded by laterally accreting high-angle cross-beds with common reactivation surfaces. 

The presence of oxidised layers indicates sporadic subaerial exposure but prolonged 

submergence inhibited palaeosol formation in this intertidal setting (FA-IIa).   

Immediate vicinity of a fluvial system intensified environmental stresses on marine fauna in 

terms of salinity fluctuations. Substantial freshwater discharge suppressed bioturbation or 

resulted in a highly depauperate ichnofaunal assemblage (FA-III, IVa). Furthermore, high 

sediment load of injected riverine water could support sustained hyperpycnal flow. Induced 

turbidity currents deposited coquina-bearing intercalations comprising reworked shell lags 

derived from a nearby subaerial delta front (FA-IVa). 

The subaerial delta front corresponds to the proximal depocentre that developed in 

response to bedload convergence near the river mouth (Fig.72). It comprises a delicate 

network of confined tide-dominated terminal distributary channels and tidal mouth bars 

(FA-IIIb) that, over time, coalesced to laterally continuous bands. A continued trend of 

landward channel narrowing is evidenced by a few hundred metres wide lenticular channel 

infills in uppermost sections of unit U4 (Fig.29). Tidal dominance persists in this landward 

continuation of an intertidal drainage system. While fluvial influence is documented by 

reduced ichnodiversity and more abundant organic debris, coexistent compound cross-sets 

oblique to palaeoflow, reactivation surfaces and mud drapes demonstrate tidal modulation. 

The lack of storm- and wave-generated features is typical for tide-dominated deltas that are 

located in sheltered embayments (Dalrymple & Choi, 2007; Goodbred & Saito, 2012). At 

Kvalpynten, distal dunes on the shallow delta-front platform possibly provided additional 

protection by absorbing wave energy of incoming swell. Only occasional collapse and 

slumping produced intercalated coquina beds (FA-IVb).  

When mouth bars advanced into the supratidal zone, they formed emergent vegetated 

islands analogue to modern tide-dominated deltas (Fig.65; Galloway & Hobday, 1996; 

Dalrymple et al., 2003; Desjardins et al., 2012a). Supratidal mudstone of a paralic floodplain 
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with distinct pedogenic features (FA-IVb) was deposited on top of tidal bars and abandoned 

channels. High-frequency alternations of paralic mudstone and fluviotidal channel-bar units 

mark the approximate palaeoshoreline position. It corresponds to the transition to delta top 

environments where facies belts were highly susceptible to base-level changes (Emery & 

Myers, 1996).  

7.2 Correlation across Edgeøya 

The herein studied progradational cycle at Kvalpynten is well documented across Edgeøya. 

Correlation with other localities, however, shows that specific depositional environments 

vary spatially. In particular, sand sheet deposits are locally restricted (FA-II of unit U2). They 

are absent at Øhmannfjellet1 and Tjuvfjordskaret1 where thin proximal tidal-bar 

associations (FA-III, IV) substitute thick distal compound-dune packages (Fig.34,73; FA-II).  

Marine influence increases westward from a bar and channel network at the tide-dominated 

subaerial delta front (FA-III, IV) to tidal compound dunes on the delta-front platform (FA-II). 

This facies belt zonation reflects a shoreline advancing from the east which is in accordance 

with palaeocurrent measurements (Fig.32) and previous reconstructions of depositional 

environments (Riis et al., 2008; Glørstad-Clark et al., 2010; Klausen et al., 2015). Depositional 

ages of eastern tidal mouth bars may deviate significantly from those of correlating 

compound dunes in the west. Sediment bypass along an extensive subaqueous platform 

separating distal and proximal depocentre causes condensation of corresponding mudstone 

successions. Due to the suspected stratigraphic hiatus, boundary B3 is considered to be 

highly diachronous across Kvalpynten. In this context, the overlying 20 m thick mudstone 

interval at Øhmannfjellet1 (above B3) may correspond to central delta-front platform 

deposits that correlate with more distal compound-dune packages of unit U2 in the 

southwest (Fig.73). 

Integration of sedimentological data from previous studies (Knarud, 1980; Mørk et al., 1982; 

Anell et al., 2014a; Lundschien et al., 2014; Rød et al., 2014) provides insight into 

progradation dynamics. At the level of unit U2, sections northeast (Øhmannfjellet1, 

Tjuvfjordskaret1) and north of SW-Kvalpynten (Siegelfjellet1, Økshogget1 from Rød et al., 

2014) contain more proximal facies associations (Fig.73). Lithostratigraphic correlation 

demonstrates the local thickening of platform successions at Kvalpynten due to the higher 

preservation potential and reduced condensation of compound-dune sandstone packages 

(Fig.73). During this stage, the area around Siegelfjellet1 experienced maximum seaward 

shoreline advance (Fig.73,74; see Rød et al., 2014). This interpretation is consistent with 

mapped distributary complexes (Klausen et al., 2015) and palaeoshoreline positions 
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Figure 73. Simplified lithostratigraphic correlation for Kvalpynten compiled from outcrop and photogrammetric 
data in relation to logged sections by Rød et al. (2014) in the north (Øks1 = ØKS09; Sie1 = Siegel08). The basal 
fluvial belt corresponds to the draping sandstone (DSST). Note how the sand-sheet complex is confined to sector 
H1-2 and how it expands preserved platform successions. Note further the low level of fluvial sandstone at 
Siegelfjellet1 and Økshogget1 in the north (log locations in overview map modified from Mørk et al., 1999; for 
log legend see appendix). 
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obtained from seismics (Fig.74; Riis et al., 2008; Glørstad-Clark et al., 2010; Klausen et al., 

2015). The more westward location compared to adjacent offshore areas (Fig.74) confirms a 

proposed accelerated delta advance on the shallow Edgeøya platform (see 8.; Anell et al., 

2014a).  

 

Figure 74. A: Seismic survey by Glørstad-Clark et al. (2010) documenting different stages of shoreline 
progradation from the Early to Late Triassic (modified from Glørstad-Clark et al., 2010). B: Latest 
palaeoenvironmental reconstruction for the Late Carnian. Note the major trunk channel at Siegelfjellet on the 
west coast of Edgeøya (modified from Klausen et al., 2015). 

Pronounced lateral facies variability in terms of tidal, fluvial and wave-related signals has 

recently been documented in detail for mixed-energy delta deposits by Rossi & Steel (2016). 

Their model describes considerable cross-shore and alongshore variability in processes 

controlling sediment distribution along tide-influenced deltaic shorelines. While the 

subaerial delta front is dominated by tidal reworking, fluvial influence increases towards the 

proximal delta top whereas wave action is intensified on the outer delta-front platform (see 

also Tänavsuu-Milkeviciene & Plink-Björklund, 2009). At Kvalpynten, recorded channel 

geometries at upper levels of unit U4 and abundant wave-generated structures at the sand-

sheet front (FA-IIb) support this observation. It emphasises the fact that tide-dominated 

successions at Kvalpynten represent only a “brief glimpse” of dynamics in a complex mixed-

energy system with diverse marginal marine environments (compare with Rød et al., 2014). 

In the regional context, sections on Edgeøya allow the detailed outcrop study of an extensive 

delta system that extended from Hopen in the east to Edgeøya to Central Spitsbergen in the 
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west. Overall westward progradation is evidenced by seismic surveys (Riis et al., 2008; 

Glørstad-Clark et al., 2010, 2011; Høy & Lundschien, 2011; Anell et al., 2014b), palaeocurrent 

data (Knarud, 1980; Høy & Lundschien, 2011; Anell et al., 2014a; Rød et al., 2014) and the 

distribution of facies associations. While distal deposits with dominant marine influence in 

Central Spitsbergen are interpreted as westward terminus of the deltaic belt, successions on 

Edgeøya and Hopen represent proximal associations with increasing fluvial signatures 

eastward (Knarud, 1980; Mørk et al., 1982; Høy & Lundschien, 2011; Klausen & Mørk, 2014; 

Lord et al., 2014; Lundschien et al., 2014; Rød et al., 2014; Klausen et al., 2015). Based on 

this knowledge, a simplified palaeoenvironmental reconstruction of the Late Carnian on 

Svalbard places the delta top in the area of Hopen, the delta front near Edgeøya and the 

inner shelf to prodelta on Central Spitsbergen (Fig.74; Riis et al., 2008; Glørstad-Clark et al., 

2010; Anell et al., 2014; Lundschien et al., 2014; Klausen et al., 2015). 
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8 Sequence-stratigraphic implications 

Two cycles of delta progradation separated by one major transgressive surface (B1) can be 

identified in the section of Kvalpynten. They developed under fundamentally different 

regional sequence-stratigraphic trends that are recorded in their internal facies architecture.  

While the older cycle below the draping shale displays a mixed-energy wave- and tide-

influenced delta front (FA-VI) seaward of a river-dominated channel-belt (FA-VII), overlying 

successions of the upper section reveal intense tidal reworking throughout (FA-II, III, IV).  

Bhattacharya (2006) postulates that river-dominance in deltas is favoured during sea-level 

lowstand or fall (lowstand system tract and forced regressive system tract – LST and FRST) 

whereas wave-and tide-dominated systems are more likely to develop during rising sea level 

(transgressive system tract and highstand system tract – TST and HST) (see also Ainsworth et 

al., 2008). This model is based on a strong linkage between changes in sea level and the 

intensity of marine controls on sedimentation relative to fluvial influence. High relative sea 

level increases shelf width and fetch length which are positively correlated with tidal range 

and wave dimension, respectively (Fig.75; Cram, 1979; Carter, 1982; Ainsworth et al., 2011; 

Goodbred & Saito, 2012; Longhitano et al., 2012). On the contrary, funneling in spatially 

confined embayments can amplify tidal effects and create macrotidal regimes likewise 

(Fig.75; Bhattacharya, 2006; Dalrymple & Choi, 2007; Ainsworth et al., 2008, 2011; Reynaud 

& Dalrymple, 2012; Longhitano et al., 2012). Examples for both, tide-dominated deltas 

associated with sea level highstand (Ta et al., 2005; Kitazawa, 2007; Tänavsuu-Milkeviciene 

& Plink-Björklund, 2009) and lowstand (Bhattacharya & Willis, 2001; Lee et al., 2007; Steel et 

al., 2012) exist, which illustrates the risks and challenges a translation of facies trends into 

sequence-stratigraphic signals bears.  

 

Figure 75. A: Predictive chart for dominant controls on near-shore systems for narrow shelves (f-fluvial, w-wave, 
t-tidal). Note how tidal dominance is favoured exclusively along embayed shorelines in this scenario (eHST/ 
lHST: early / late highstand system tract; from Ainsworth et al., 2011). 
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Figure 75. B: Predictive chart for dominant controls on near-shore systems for wide shelves. Note how tidal 
dominance is favoured in most configurations (for abbreviations see Fig.75A; from Ainsworth et al., 2011). 

Sequence-stratigraphic signals in the late Triassic successions of Edgeøya reflect the 

cumulative effect of multiple factors on global (g), regional (r) and local scale (l). The most 

important controls on available accommodation (A) and sediment supply (S) are: 

 eustatic sea-level changes (g, A+S) 

 climate fluctuations (g+r, A+S) 

 flexural response to distant crustal loading in the Uralian fold-and-thrust belt [r, A] 

(Gudlaugsson et al., 1998; Anell et al., 2013; Osmundsen et al., 2014) 

 sediment discharge in a system sourced from an evolving mountain belt [r, S]  

(Mørk et al., 1999; Smelror et al., 2009; Miller et al., 2012; Bue & Andresen, 2013) 

 inherited sea-floor topography of the Edgeøya platform [l, A]  

(Henriksen et al., 2011; Anell et al., 2014a,2016; Vigran et al., 2014) 

 ambient marine hydrodynamic regime [l, S] 

 differential compaction [l, A] 

8.1 Stage 1: Forced regression and sea-level lowstand (FRST and LST) 

The transgressive surface terminating the first phase of progradation corresponds to the 

well-defined lower boundary of the draping shale (B1). Where unfaulted, successions 

underlying this level show progressive coarsening-upward from prodelta (FA-V) to delta 

front (FA-VI) to delta-top (FA-VII) deposits. The relative sandstone content increases along a 
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gradient of decreasing depositional depth from full-marine distal prodelta mudstones (FA-V) 

to highly amalgamated sandstone packages of a river-dominated distributary channel 

complex (FA-VII; Fig.67, see 6.2).  

8.1.1 A condensed section – base-level fall and fluvial dominance 

There is strong evidence for a condensed character of the Vogelberget section that 

manifests in:  

 a marked dominance of erosional channel-infill over depositional mouth-bar deposits 

in delta-front environments (FA-VI) 

 the scarcity and reduced thickness of intercalated mudstone intervals in delta-front 

associations (FA-VI) 

 the absence of vegetated or oxidised floodplain mudstone in both, distal and 

proximal channel complexes (FA-VI and FA-VII) 

 a high degree of amalgamation in erosion-dominated multistory distributary-channel 

bodies (FA-VII) (after Gibling, 2006) 

 the sharp transition from prodelta (FA-V) to proximal delta-front successions (FA-VI; 

Fig.76)  

 the sharp contact of the river-dominated channel complex (FA-VII) to underlying 

units  

 

Figure 76. Sharp contact between delta-front channel-mouth bar complexes (FA-VI) and underlying prodelta 
and delta slope deposits (FA-V) at Vogelberget1 (for log legend see appendix). 
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The abovementioned criteria indicate significantly higher gross-deposition compared to 

what is preserved in the outcrop implying a deficit in aggradation relative to progradation 

due to substantial sediment bypass (Posamentier & Morris, 2000; Catuneanu, 2002). Intense 

erosion and consumption of coequal facies in a deltaic belt can be caused by either, internal 

system dynamics exceeding progradation rates by orders of magnitude (Dalrymple et al., 

2003; Goodbred & Saito, 2012) or, reduced accommodation space forcing the system to 

translate seaward (Fig.78; Bhattacharya, 2006; Lee et al., 2007; Goodbred & Saito, 2012).  

It is proposed that the configuration in lower parts of the Kvalpynten section reflects 

accommodation-driven delta progradation with pronounced top-truncation (Bhattacharya, 

2006; Porebski & Steel, 2006). A drop in base level during forced regression destroys 

accommodation in the subaerial delta topset where erosion prevails (Fig.78; Posamentier et 

al., 1992; Posamentier & Morris, 2000; Bhattacharya, 2006). The fluvial system strives for a 

new equilibrium state causing deep incision in the course of progradation (Posamentier et 

al., 1992; Helland-Hansen & Martinsen, 1996; Posamentier & Morris, 2000). This process 

accounts for the replacement of mouth-bars by amalgamated channel-infills, the removal of 

paralic floodplain muds and the overall condensed succession (Fig.76; Posamentier & Morris, 

2000; Bhattacharya, 2006). A mixed energy, wave- and tide-influenced environment with 

stronger fluvial dominance is consistent with an inferred lowered relative sea level 

(Bhattacharya, 2006; Porebski & Steel, 2006; Ainsworth et al., 2008; Goodbred & Saito, 

2012). 

Base-level fall reduces available accommodation and accelerates progradation (Posamentier 

et al., 1992; Posamentier & Morris, 2000; Porebski & Steel, 2006; Anell et al., 2014b). 

Downstepping is induced by a rapid seaward facies shift which generates a descending 

shoreline trajectory (Fig.78; Helland-Hansen & Hampson, 2009). Low-gradient shelves are 

particularly responsive to fluctuations of relative sea level facilitating the formation of 

detached forced regressive packages (Fig.19; Posamentier et al., 1992; Helland-Hansen & 

Gjelberg, 1994; Helland-Hansen & Martinsen, 1996; Posamentier & Morris, 2000; Porebski & 

Steel, 2006). In order to counteract this tendency and produce rather continuous 

coarsening-upward, relatively low rates of base-level fall and/or high sedimentation are 

required (Helland-Hansen & Martinsen, 1996; Posamentier & Morris, 2000). At Kvalpynten, 

the classic zones of a prograding delta belt are developed in chronological succession up to 

the transition from proximal delta front to delta top albeit the condensed character. With 

respect to the low preservation potential of forced-regressive deposits, this emphasises the 

role of high discharge and fluvial dominance (Posamentier & Morris, 2000; Porebski & Steel, 

2006). The lowered base level is favourable for such enhanced sediment supply due to an 
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extended catchment area in the widely exposed hinterland (Helland-Hansen & Martinsen, 

1996; Bhattacharya, 2006).  

Another noteworthy factor on Edgeøya is the specific configuration where a system 

progrades onto a reversely sloping platform flank (Henriksen et al., 2011; Anell et al., 

2015,2016; Vigran et al., 2014). This topographic effect may have further contributed to 

limited accommodation and simultaneously, favoured attached forced regressive packages 

(Fig.19). 

Progressive shallowing-upward paused during an episode of flooding at the time when 

growth-fault activity ceased.  The delta was top-truncated and drowned whereby prodeltaic 

mudstone was deposited in unfaulted areas and underfilled half-grabens levelling fault-

induced topography similar to what has been described by Bhattacharya & Davies (2004). It 

is highly speculative of what order the corresponding stratigraphic hiatus is, i.e. to what 

extent overlying proximal facies associations were removed by this marine incursion.  

During a final stage of forced regression, the system reclaimed its previous approximate 

position along a regressive surface of marine erosion, the base of the draping sandstone 

(after Plint & Nummedal, 2000). The abrupt facies shift is suggestive of a rapid significant 

drop in relative sea level. Overlying thick, amalgamated multistory stacks of distributary 

channel-fills (FA-VII; Gibling, 2006) indicate subsequent normal regression but still, at very 

low aggradation rates as evidenced by the absence of interdistributary floodplain deposits 

(Emery & Myers, 1996; Porebski & Steel, 2006). It is interpreted that rates of sea-level rise 

started to compensate for the loss in accommodation (Emery & Myers, 1996; Ainsworth, 

2010). Corresponding lowstand deposits at Kvalpynten account for the oldest, far traceable 

draping sandstone band of 12 to 25 m thickness (Fig.23,34). It comprises a lower 3 to 10 m 

thick interval of repetitive fining-upward cycles (FA-VI) overlain by approximately 10 m thick 

fluvial fine- to medium-grained sandstone (FA-VII) which is capped by a transgressive 

ravinement (B1; Fig.23,34,73). These proximal units document maximum seaward shoreline 

advance prior to transgression. Again, it is uncertain to what degree delta-top deposits were 

eroded during transgression but the defined traceable contact suggests significant top-

truncation (Posamentier et al., 1992; Bhattacharya & Willis, 2001; Bhattacharya et al., 2003; 

Lee et al., 2007). The regressive surface of marine erosion at the base of the draping 

sandstone (after Plint & Nummedal, 2000) forms a defined unconformity that is possibly 

coincident with a third-order sequence boundary (after Hunt & Tucker, 1992; Catuneanu, 

2002, Catuneanu, 2006). With regard to Klausen et al.’s recently defined chronostratigrahic 

subdivision of the offshore Snadd Formation, roughly equivalent to upper onshore 
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Botneheia, Tschermakfjellet and De Geerdalen Formations, it is proposed that this boundary 

marks the Late Carnian transition from sequence C3 to C4 (Fig.77; Klausen et al., 2015). 

 

Figure 77. A: Suspected sequence boundary between stages C3 and C4 in the De Geerdalen Formation of 
Edgeøya. B,C: Maximum shoreline advance during stage C3 and C4 (modified from Klausen et al., 2015). 

The identification of lowstand delta-deposits in the lower section of Kvalpynten has further 

implications on palaeogeography. As Bhattacharya (2006) noted, numerous embayments 

and smaller-scale subsystems develop when inherited seafloor topography has stronger 

influence on the evolution of depositional systems during relative sea-level lowstand. This 

segmentation accounts for variations in progradation styles as e.g. a local delta advancing in 



110 

 

a southwestward fashion against the backdrop of regionally prevailing northwestward 

progradation (Osmundsen et al., 2014).  

 

Figure 78. Schematic illustration of the sequence-stratigraphic framework for the lower section of Kvalpynten. 
Note the initial downstepping induced by base-level fall (FRST) and subsequent low rates of aggradation during 
stabilising and successively rising relative sea level (LST). 

8.1.2 Sediment redistribution induced by sea-level fall 

Two aspects of delta progradation in times of relative sea-level fall and lowstand are 

beneficial for intense mass wasting and offshore sand export by gravity-driven currents 

(Bhattacharya, 2006): 

 foreset steepening due to fluvial dominance and high sediment supply   

(inducing delta-front failure and slumping) 

 high sediment load in fluvial systems due to an extensive subaerial catchment   

(inducing hyperpycnal flow) 

Not surprisingly, abundant turbiditic intercalations have been previously described in forced-

regressive and lowstand deposits (Anderson et al., 2004; Bhattacharya & Davies, 2004).  

High discharge in river-dominated deltas favours slope oversteepening in the course of 

progradation due to an accretion surplus in upper, proximal segments of the clinothem 

(Pirmez et al., 1998; Driscoll & Karner, 1999; Swenson et al., 2005; Bhattacharya, 2006). The 

river mouth as the zone of bedload convergence experiences high sedimentation rates 

leading to pore-water overpressure which causes substrate instability and liquefaction 

(Bhattacharya & Davies, 2004; Bhattacharya, 2006). Active tectonics, storm- and wave-action 

can induce failure and initiate slumps (Pirmez et al., 1998; Galloway, 1998; Bhattacharya & 

Davies, 2004; Piper & Normark, 2009) which subsequently transform into gravity-driven 

turbidity currents (Plink-Björklund & Steel, 2004; Piper & Normark, 2009). This rather 

instantaneous process generates event-like gravity flows that form independent sediment 
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dispersal systems autonomously maintaining their dynamics through water and sediment 

entrainment at sufficiently high slope angles (Pratson et al., 2000).  

However, in the light of high sediment concentration in draining systems of active orogenic 

belts, another mechanism for the generation of gravity-driven flows moves into focus. At 

high-discharge river mouths, analogue hyperpycnal flows can evolve from injected riverine 

water with high suspension load that accelerates during downslope movement (Mulder & 

Syvitski, 1995; Plink-Björklund & Steel, 2004; Piper & Normark, 2009).   

The initiation process is closely linked with the duration of turbidity currents which act on a 

wide range of time-scales from short-lived events of minutes or hours to sustained flows up 

to weeks (Mulder & Syvitski, 1995; Plink-Björklund & Steel, 2004; Piper & Normark, 2009). At 

Kvalpynten, prodeltaic successions with turbiditic intercalations display (FA-V): 

 significant erosive potential of the gravity-flow in upper parts 

 rapid deposition (climbing ripples, fluid-escape structures, load casts) 

 a partially developed Bouma sequence in up to 25 cm thick and 1 to 3 m wide 

sandstone lenses with abundant organic debris 

 full-marine conditions with low stress levels on fauna in the embedding mud 

 prominent soft-sediment deformation in the adjacent delta front 

The signals obtained from these characteristics are ambiguous. A defined erosional base, 

relatively thin, lenticular sandstone bodies of limited dimension, an unstressed marine 

ichnofaunal community and load-induced liquefaction contradict sustained hyperpycnal flow 

sourced by river-derived freshwater influx (Mulder & Alexander, 2001; Mulder et al., 2003; 

Plink-Björklund & Steel, 2004; MacEachern et al., 2005, 2007). In contrast, climbing ripples 

and high concentrations of terrestrial organic matter suggest rather steady underflow 

nourished by a fluvial source (Mulder & Alexander, 2001; Mulder et al., 2003; Plink-Björklund 

& Steel, 2004). However, with respect to the unsheltered delta front and large-scale soft-

sediment deformation, a short-lived event of slump-related origin appears likely, although 

possibly combined with river-induced hyperpycnal flow. 

In any case, turbidity currents require a sufficient gravitational potential (i.e. depth) and 

slope gradient in order to accelerate and develop adequate erosive power (Parker et al., 

1986; Galloway, 1998; Pratson et al., 2000; Porebski & Steel, 2006). The comparatively small-

scale turbidites of the Tschermakfjellet Formation at Kvalpynten refer either to reduced 
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depth on a shallow marine platform or, to steep slopes significantly exceeding an angle of 

~2,5 °. This critical value corresponds to a lower threshold when turbidity currents can 

maintain their internal dynamics (Parker et al., 1986; Pratson et al., 2000). At the same time, 

it coincides with most efficient erosion and thickest turbiditic packages onlapping onto the 

lower delta slope (Pratson et al., 2000). Considering the high sediment supply at Kvalpynten, 

relatively thin units could point towards high-gradient foresets consistent with the proposed 

initiation by delta-front failure. Given that, mass wasting processes at Kvalpynten may be 

closely linked with evolving growth faults and delta-front collapse (see Osmundsen et al., 

2014) in response to oversteepening during forced regression. It remains a matter of debate 

to what degree reactivation of deeper-seated faults or lowstand deposition induced E-W to 

NW-SE trending growth-faults (see Anell et al., 2013). 

8.2 Stage 2: Transgression and sea-level highstand (TST and HST)  

The upper section of Kvalpynten is defined by a basal transgressive ravinement (B1) that is 

overlain by the draping shale (U1) followed by three successive coarsening-upward cycles 

(U2-U3) and capped with an uppermost fining-upward interval (U4; Fig.47; see 6.1). This 

complex stratigraphy reflects a prograding tide-dominated system with distinctive across-

shelf facies zonation (see 7.1). It records the repeated advance of a subaqueous delta-front 

platform terminating transgression (FA-II), subsequent transition into a subaerial delta-front 

(FA-III, FA-IV) and final emergence as delta floodplain (Fig.73; see 7.2 Palaeoenv). A defined 

maximum flooding surface (mfs) marking the onset of regression (after Posamentier & Allen, 

1999) is absent but suspected in the upper part of the draping shale. 

8.2.1 A drowning delta 

When flooding initiated, a rapid rise in relative sea level outpaced effects of limited 

accommodation on the Edgeøya platform and induced backstepping of the lowstand delta-

system (stage 1). Before its final abandonment, an episode of reduced accommodation 

creation allowed sedimentation rates to compete and induce a last phase of delta-

readvance. A seaward facies shift created backstepping whereby thin parasequences 

culminating in delta-front associations were deposited in the lower portion of the draping 

shale (Fig.73). Unit thickness is increased and less condensed due to significant vertical 

aggradation in this specific case of accretionary transgression (after Helland-Hansen & 

Hampson, 2009). Thenceforward, transgression continued and marine conditions prevailed 

in the area of Kvalpynten until progradation of a deltaic belt with substantially different 

signatures set in during relative sea-level highstand. 
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Figure 79. Schematic illustration of the sequence-stratigraphic framework for the draping shale at Kvalpynten 
(TST). Note the successive backstepping and the evolution of a second subaqueous rollover.  

8.2.2 A new style of progradation – compound clinoforms and tide-dominance 

The upper section of Kvalpynten displays a complete succession of facies associations along 

the segments of a compound clinothem (see 7. and 9.), i.e. from distal to proximal: 

 a subaqueous delta-front platform with distal subtidal sand sheets and compound-

dune complexes (FA-II; Fig.72) 

 a subaerial delta front with sub- to supratidal mud flats (FA-IV), tidal-bar and tidal-

channel complexes (FA-III) passing into a network of distributary channels (Fig.72) 

The preservation of all facies belts in continuous succession, including the subaqueous and 

subaerial topset, requires vertical accretion during normal regression (Posamentier & 

Morris, 2000; Bhattacharya, 2006; Helland-Hansen & Hampson, 2009; Goodbred & Saito, 

2012). It implies that accommodation creation repeatedly exceeded the counteracting 

limiting impact of a shallow platform (see 8.1). Supply-driven delta progradation at sea-level 

highstand with low rates in base-level rise results in low-angle seaward ascending 

trajectories (Fig.80; Helland-Hansen & Martinsen, 1996; Porebski & Steel, 2006; Helland-

Hansen & Hampson, 2009; Ainsworth, 2010; Patruno et al., 2015a). Rates of cross-shelf delta 

migration in a prograding manner are normally reduced during continued accommodation 

creation (Porebski & Steel, 2006). Only rivers of exceptionally high discharge can support 

sustained seaward facies translation. In recent examples, these streams commonly drain 

active orogenic belt, as e.g. the Ganges-Brahmaputra system in the Himalayan foreland 

(Goodbred & Kuehl, 2000; Goodbred et al., 2003; Porebski & Steel, 2006).  

On Edgeøya seismic data indicates that progradation rates remained high compared to 

deeper locations further southeast (Glørstad-Clark et al., 2010; Anell et al., 2014a, 2015). 

This is interpreted as an effect of promoted translation across a topographic high relativising 

retardation by aggradation (see 8.2.2).   
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Constantly high sediment supply is a vital mechanism allowing the persistence of deltaic 

systems against intensified marine influences (Goodbred & Saito, 2012). It gains in 

importance in times of relative sea-level highstand when marine controls tend to increase in 

efficiency (Bhattacharya, 2006; Cram, 1979; Carter, 1982; Goodbred & Saito, 2012; 

Longhitano et al., 2012). This is consistent with the high-discharge system of Kvalpynten 

where the fluvial signal was widely obliterate by tidal reworking and sediment redistribution. 

Strong cross-shore and alongshore currents increased seaward sediment transport and 

controlled the geometry of corresponding compound-clinothems (see 9.). Two depocentres 

developed: one at the subaerial delta front (FA-III) and a second at the transition of 

subaqueous delta front to outer delta-front platform (FA- II; see 7.1; Goodbred & Saito, 

2012). They were separated by a very low-angle subaqueous platform that was mainly 

subject to sediment bypass due to increased current intensity (Helland-Hansen & Hampson, 

2009; Patruno et al., 2015). Migration of these depocentres over time by variations in the 

ratio of accommodation creation and sediment supply created repeated cycles and 

parasequence-stacks in the stratigraphic record.  

 

Figure 80. Schematic illustration of the sequence-stratigraphic framework for the upper section of Kvalpynten 
(HST). Preserved sections in the study area cover the prograding platform up to the subaerial delta front at the 
transition to delta top. Note the substantial aggradation in this highstand system. Note also that successions of 
the delta-front platform are normally highly condensed.  

8.2.3 Platform times two: sea-level fluctuations and compound-clinothems 

In the course of eustatic sea-level rise, more accommodation was available on the Edgeøya 

platform which was formerly subject to great depth limitations (8.1). On regional scale, 

however, it remained a particularly shallow setting. Seismic data reveals that the submerged 

Eastern Svalbard archipelago rose several hundreds of metres above adjacent low-relief 

areas in the Late Trassic (Henriksen et al., 2011; Anell et al., 2016).  Based on clinoform 

dimensions, depth estimations for the NW Barents Sea and the Svalbard platform during the 
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Carnian vary between 300-400 m (Riis et al., 2008) and 130-500 m (Glørstad-Clark et al., 

2010). Seismics record prominent onlap and package thinning towards topographic highs 

such as the Edgeøya platform or the Loppa High in the south (Glørstad-Clark et al., 2010; 

Anell et al., 2014b). Vertically limited accommodation promoted lateral facies shift resulting 

in reflector flattening, i.e. longer low-angle clinothems (Glørstad-Clark et al., 2010; Anell et 

al., 2014a, 2015; Anell & Midtkandal, 2015). This observation is consistent with the thin 

parasequences in onshore outcrops at Kvalpynten. It confirms that the ratio between 

accommodation creation and sediment supply was relatively low (Ainsworth, 2010). 

However, the formation of gently dipping sigmoidal clinothems requires regularly available 

accommodation (Swenson et al., 2005; Anell et al., 2014b; Anell & Midtkandal, 2015). These 

low rates of base-level rise and periodic accommodation creation characterise the highstand 

system tract (Ainsworth, 2010). At Kvalpynten, a corresponding aggradational component is 

evident from preserved paralic floodplain deposits of the subaerial topset overlying channel-

bar associations (U4; FA-IVb; Emery & Myers, 1996; Catuneanu, 2002, 2006; Anell et al., 

2014b). Progradation rates, however, were sufficiently low relative to internal system 

dynamics for laterally amalgamated channel-bar complexes to evolve (FA-III; Goodbred & 

Saito, 2012). Thus, highstand deposits of the De Geerdalen Formation at Kvalpynten 

comprise mouth-bar and channel sandstone bodies with good lateral but reduced vertical 

connectivity, typical for tide-dominated systems (FA-III; Ainsworth, 2010). 

Pronounced tidal reworking had major influence on the geometry of evolving shallow-

marine clinothems at Kvalpynten (see 9.). Gently-sloping compound clinothems with two 

main depocentres at opposite ends of a delta-front platform developed under prominent 

current action and increased marine dominance (see 7., 9.; Swenson et al., 2005; Anell & 

Midtkandal, 2015; Patruno et al., 2015a). This smaller-scale shallow platform with two 

depocentres was highly susceptible to base-level changes. At very low gradients, minor 

fluctuations in relative sea level have the potential of causing significant shifts in facies belts 

(Posamentier & Morris, 2000; Pomar & Tropeano, 2001; Glørstad-Clark et al., 2011).  

Given the rather stable highstand configuration, it is proposed that compaction and 

differential subsidence had sufficient impact to generate numerous parasequences bounded 

by flooding surfaces (Fig.81). However, a variety of allogenic controls on local and regional 

scale can interact and cause base-level fluctuations, the most important ones being eustatic 

sea-level changes, subsidence, climate and tectonics (Catuneanu, 2006). The Late Carnian 

was a period of global sea-level rise inducing recurring phases of increased accommodation 

creation (Haq et al., 1987; Ruban, 2015). Glørstad-Clark et al. (2010) concluded that 

accommodation creation in the Triassic Barents Sea primarily displayed minor fault activity 
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and subsidence as flexural response to orogenic activity in the east. This concept is 

supported by numerous normal faults and graben systems recorded in the photogrammetric 

model of Kvalpynten (Fig.30). Locally, they cause significant vertical offset of up to 30 m 

(Fig.31). Varying displacement along individual faults on different stratigraphic levels 

suggests that these extensional structures experienced multiple active phases (appendix). 

Along some faults, offset ceases up-section which indicates Late Carnian fault abandonment 

(see 5.2.2). In places, south-dipping master fault strands in the upper section are associated 

with underlying listric growth-fault complexes (Fig.30). Based on these observations, Late 

Carnian reactivation and normal movement along inherited structures is inferred. Combined 

with compaction and climate variability (see e.g. Knutsen, 2013; Enga, 2015), tectonically 

controlled differential subsidence could thus account for the high-frequency cycles at 

Kvalpynten. Major autocyclicity in the form of delta-lobe switching is uncommon for tide-

dominated deltas which are laterally relatively stable (Plink-Björklund, 2012). 

In any case, amplitudes of oscillations were rather low and changes subtle as evidenced by 

the overall continuous character of the succession with no abrupt facies switch. A classic 

parasequence-set for prograding tide-dominated deltas consists of two parts: a lower 

coarsening-upward interval encompassing the transition from prodelta to outer delta-front 

platform, and an upper fining-upward succession recording the approaching floodplain 

(Fig.81; Tänavsuu-Milkeviciene & Plink-Björklund, 2009; Goodbred & Saito, 2012). The 

further subdivision in this study arises from the exceptionally well-preserved subaqueous 

topset (delta-front platform) due to moderate aggradation rates, an effect of slowly rising 

sea level decelerating across-shelf translation and enhancing vertical accretion (Porebski & 

Steel, 2006; Helland-Hansen & Hampson, 2009; Anell & Midtkandal, 2015).  

Repeatedly advancing sand sheets on the outer delta-front platform, interrupted by one 

major and multiple minor flooding events, account for the two lower coarsening-upward 

cycles in unit U2 (FA-II; Pic). On top of this lower unit, a highly scoured contact to the 

superimposed fining-upward interval would be expected, marking a zone of sediment bypass 

that corresponds to the central platform (Fig.72; Goodbred & Saito, 2012). At Kvalpynten, 

this erosional surface corresponds to boundary B5 as upper limit of the compound-dune 

sandstone packages (U2, FA-II). Incision along this sharp contact is documented in sector H1 

where 1500 m wide depressions and subaqueous channel bodies occur (Fig.27; see 7.1). 

Internal delicate clinothems document numerous episodes of channel-infill during continued 

progradation (Fig.27). 
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Figure 81. A: Stratigraphy of the modern tide-dominated Ganges-Brahmaputra delta (note variations in 
thickness scale), B: Composite log of the upper section at Kvalpynten with grain-size trends (Årdalen1, 
Årdalsnuten1) (A: modified from Kuehl et al., 2005). 

On top of B5, a third coarsening-upward cycle in unit U3 denotes the transition from inner 

platform to subaerial delta front with longitudinal sand bars of the proximal depocentre (FA-

III; Fig.72). It passes into the classic fining-upward towards overlying delta-floodplain 

deposits of unit U4. Alternations of defined channel-bar sandstone packages with paralic 

mudstone are rhythmically stacked in parasequences of 2 to 8 m, locally up to 20 m 

thickness (FA-III, IV; Fig.63). They are produced by recurring high-frequency cycles of 

flooding and subsequent delta readvance. 

The concept of a very shallow, low-gradient setting finds confirmation in the fact that 

freshwater influence was inferred from a depauperate marine ichnofaunal assemblage 

throughout the upper section. It has been documented in recent high-discharge deltas with 

extensive subaqueous platforms that riverine freshwater can penetrate tens of kilometres 

far and tens of metres deep into the marine realm (Kuehl et al., 2005). Even more peculiar, 

subaerial exposure of compound-dunes on the distal platform (FA-II) may indicate water 

depths of less than 10 m with respect to tidal range (after Levoy et al., 2000; Wang et al., 

2002; Dashtgard et al., 2009) – a value producing very low slope angles at some kilometres 

width. Data of recent and ancient subaqueous delta-topsets supports this assumption 
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suggesting an original delta-front platform inclination of ≤ 0,1° (Kuehl et al., 2005; Patruno 

et al., 2015a).  

8.3 The Late Triassic on Edgeøya – a short chronology 

Two fundamentally different depositional systems evolved during two phases of delta 

progradation in the Late Triassic of Edgeøya. Both were fed by high-discharge rivers but, 

apart from that, left highly contrasting signatures in the sedimentary record. 

The first phase developed under falling base-level and relative sea-level lowstand (FRST and 

LST). Progradation was mainly driven by accommodation before the rates of sea-level rise 

increased and accommodation creation started to balance sediment supply. Temporal 

resolution is low and parasequences are poorly defined in a condensed stratigraphy due to 

high progradation-aggradation ratio. The associated top-truncated delta exhibits a 

dynamically migrating system of fluvial dominance with an exposed mixed-energy delta front 

and relatively steep foresets. Topography on a shallow marine platform supported the 

evolution of smaller-scale subsystems with progradation directions different from the 

regional trend (SW vs. NW). A major transgression terminated this first episode by initiating 

backstepping and eventually, drowning the system (TST).  

The second, normal regressive phase of progradation occurred during relative sea-level 

highstand (HST). Progradation rates were reduced in a purely sediment-driven system with 

pronounced aggradation. Temporal resolution improved due to sustained accommodation 

creation and the evolution of numerous parasequences. They display a very continuous 

trend of shallowing in a stable tide-dominated delta system with a sheltered delta front 

landwards of an extensive low-gradient subaqueous platform. Associated units reveal the 

typical geometry of compound-clinothems comprising a subaerial and subaqueous topset-

to-foreset rollover separated by a delta-front platform. Local palaeoflow directions are 

consistent with the reconstructed progradation pattern on regional scale (towards the NW). 
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9 Compound clinothems in the Uralian foreland basin 

The tide-dominated delta system of Edgeøya evolved during the Late Carnian (Dallmann, 

1999; Ask, 2013; Vigran et al., 2014), in a period of global sea-level rise promoting 

accommodation creation in coastal systems (Haq et al., 1987; Ruban, 2015). It was element 

of an extensive coastal plain prograding westwards across the shallow epicontinental 

Barents Sea (Riis et al., 2008; Worsley, 2008; Smelror, 2009; Glørstad-Clark et al., 2010; 

Henriksen et al., 2011; Høy & Lundschien, 2011; Lundschien et al., 2014; Anell et al., 2014). 

At the distal margin of the Uralian foreland basin, it was affected by differential crustal 

stresses (Gudlaugsson et al., 1998; Anell et al., 2013; Osmundsen et al., 2014) and supplied 

with large volumes of sediment from an active orogenic belt in the east (Mørk, 1999; 

Smelror, 2009; Høy and Lundschien, 2011). On local scale, sedimentation was controlled by 

the shallow platform morphology of Edgeøya (Henriksen et al., 2011; Anell et al., 

2014b,2016; Vigran et al., 2014), the associated marine wave and current field and 

differential compaction and subsidence.  

All factors mentioned above defined the geometry and architecture of delta-deposits in the 

De Geerdalen Formation of Edgeøya. An interpretation of corresponding packages at 

Kvalpynten as accreting compound-clinothems is based on the assessment of integrated 

geometrical and sedimentological outcrop data (after Swenson et al., 2005; Goodbred & 

Saito, 2012; Patruno et al., 2015a): 

 very low-angle, laterally continuous geometries in a progradational  stack 

 increasing dip from a distal subhorizontal  subaqueous platform (<1°) to a proximal 

low-angle subaerial delta front (~1,35°) 

 two spatially divided depocentres in vertical succession 

 subaerial exposure of the distal depocentre, i.e. a very shallow setting 

 impoverished marine ichnofauna, i.e. fluvial signature throughout the system 

 low progradation-aggradation ratio, i.e. preservation of topset geometries 

 evidence of strong cross-shore and alongshore currents, i.e. amplified sediment 

partitioning 

 

 



120 

 

9.1 Quantifying compound-clinothem geometry 

Compound-clinothems comprise genetically linked subaerial and subaqueous portions with 

individual topset-to-foreset rollovers spatially separated by a wide and shallow marine plain 

(Fig.82). Data of recent examples shows that the width of this “delta-front platform” and 

thus, the horizontal distance between rollovers, varies significantly (Patruno et al., 2015a). It 

is a function of sediment partitioning between a distal and proximal depocentre reflecting 

the balance between marine and fluvial processes (Allison, 1998; Swenson et al., 2005; 

Goodbred & Saito, 2012). As a consequence, growth rates of subaqueous and subaerial 

deltas in compound systems are inversely correlated (Patruno et al., 2015a). Extensive 

subaqueous topsets or “delta-front platforms” are favoured in mud-prone compound-delta 

systems which are associated with wide and low-gradient shelves (Tab.3; Patruno et al., 

2015a).  

 

Figure 82: The concept of compound delta systems with subaerial and subaqueous segments. Note the wide, 
shallow  platform between subaerial and subaqueous clinoform rollover (from Patruno et al. 2015a, after 
Helland-Hansen & Hampson, 2009). 
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Compared to their sand-dominated counterpart, geometries of muddy compound-

clinothems are generally gentler sigmoidal with less steep foreset slopes and shallower 

subaqueous rollovers. Widest modern delta-front platforms are sourced from large rivers 

and modified by intense current and wave action. They cover vast areas with subaqueous 

rollovers in up to 150 km distance from the shoreline as off the Amazon or Ganges-

Brahmaputra delta (Kuehl et al., 1986, 2005; Nittrouer et al., 1986; Patruno et al., 2015a). 

Patruno et al. (2015a) put the following quantitative constraints on selected geometrical 

parametres of compound deltas (5- to 95-percentile distribution): 

Table 3. Compiled ranges of geometrical parametres and environmental constraints defining compound 
clinoforms of mud-prone and sand-prone delta systems (data from Patruno et al., 2015a). 

 Mud-prone system Sand-prone system 

Foreset slope (subaerial) 0,2-1,5° 0,1-2,7 ° 

Foreset slope (subaqueous) 0,1-1,2° 0,7-10 ° 

Topset (subaqueous) 0-0,4 ° 0,2-3,5 ° 

Rollover depth (subaqueous) 6-59 m 21-57 m 

Distance shoreline-rollover (subaqueous) 7,5-126 km 0,6-7,2 km 

Shelf width 23-376 km 5-32,5 km 

Shelf gradient 0,01-0,38° 0,26-2,12° 

 

The subhorizontal arrangement and good lateral continuity of parasequence sets at 

Kvalpynten suggest an extensive low-angle platform similar to those of muddy subaqueous 

deltas (Tab.3; Patruno et al., 2015a). Linkage with a subaerial delta system is evident from an 

impoverished marine trace-fossil suite throughout the section due to immediate proximity 

of a fluvial freshwater source (FA-I, II, III; Buatois et al., 1997; MacEachern et al., 2005, 2007; 

MacEachern & Gingras, 2007; Buatois et al., 2008). The most robust method reveals dip 

angles of approximately 1° for lower compound-dune packages (FA-II, U2; Tab.2; Fig.26) and 

gradients of ≥1,35° for upper bar and channel complexes (FA-III, U3; Tab.2; Fig.26) It is 

postulated that progressively increasing inclination upwards denotes the transition from 

subaqueous platform- to subaerial delta-front deposits (Fig.72). However, angles exceeding 

0,4° are uncommon for topsets of mud-prone subaqueous clinothems (Tab.3) which 

indicates postdepositional rotation and/or deformation of original low-angle geometries. 

Quantifying the effect of differential compaction on surface gradients fails due to the 

unknown dimension of the subaqueous platform. Although the existence of this bypass zone 

is well established (see 9.2), its lateral extension remains enigmatic just like the magnitude 

of non-deposition respectively erosion. Higher compaction rates in more mud-rich distal 

segments causes secondary surface steepening. In a simplified approach, the recorded 

inclination of 1° along surfaces in unit U2 was set back to approximately 0,1°, a median value 

where topset gradients of modern subaqueous deltas cluster (Patruno et al., 2015 a). This 
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procedure provides foreset slopes of ≥0,45° for the subaerial delta front, a value that is well 

within the range given by Patruno et al. (2015) (0,2-1,5 °; Tab.3). 

9.2 Morphodynamics of compound clinothems 

The two facies associations FA-II and FA-III in vertical succession represent spatially 

separated depocentres for the sand fraction in tide-dominated deltas (Goodbred & Saito, 

2012). Tidal mouth bars and channel-fills (FA-III) mark the zone of bedload convergence near 

the river mouth whereas tidal dunes (FA-II) formed at the transition from distal delta-front 

platform to prodelta. These distal sand sheets are composed of material that escaped the 

proximal sink and was exported offshore by strong currents until transport capacity depleted 

rapidly. The main zone of current action is located between the two depocentres. It 

corresponds to the wide topset of the subaqueous delta, an area where sediment bypass 

prevails. 

Efficient sediment dispersal supports the evolution and maintains the morphology of 

compound clinothems in delta systems. Sediment budgets for modern tide-dominated deltas 

reveal that 30-40 % of the delivered sediment escapes the proximal depocentre and is 

redistributed along subaqueous portions (Kuehl et al., 1997, 2005; Liu et al., 2009; Goodbred 

& Saito, 2012). Acceleration of incoming tides across the delta front is a fundamental 

process promoting the formation of extensive delta-front platforms in tide-dominated deltas 

(Goodbred & Saito, 2012). At Kvalpynten, a strong tidal overprint of deltaic successions is 

evident from bedforms with bidirectional strata orientation, current ripples indicating cross-

shore flow, prominent mud draping and scouring by flow reversal, i.e. reactivation surfaces 

(FA-II, III). Moreover, indications of powerful longshore currents are preserved in sector H1 

at Kvalpynten. Longshore transport is fundamental for the formation of extensive shore-

parallel subaqueous deltas fed by nearby rivers as e.g. the wide mud flats of Guiana between 

the Amazon and Orinoco delta (Froidefond et al., 1988; Nittrouer et al., 1996; Eisma, 1998). 

The upper boundary of U2 compound-dune packages is widely erosional and displays active 

downcutting (Fig.27,28; see 5.2.2). High-angle westward dipping foresets (~10°) fill an 

incisive feature of approximately 1500 m dip-parallel width and up to 35 m depth bounded 

by a concave-upward erosional base (Fig.27). It represents an element of the delta-front 

platform as it cuts down into distal compound-dune complexes (U2; FA-II) and is overlain by 

proximal channel-bar deposits (U3; FA-III). With reference to shore-parallel channels on 

modern subaqueous plains off the Mekong delta (Unverricht et al., 2013), this body is 

interpreted as a NE-SW striking channel incised by longshore currents and subsequently 

filled with material equivalent in composition to overlying lithologies (U3; FA-III). Thin, only 1 
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m thick clinothems document numerous episodes of infill (Fig.27). They record high-

frequency short-term cycles on the delta-front platform that are nowhere else captured.  

Depth is an important factor determining the marine energy regime. A positive feedback 

between current intensity and reduced water depth controls the evolution of compound 

clinothems: Higher shear stresses during shoaling amplify both, wind-driven waves and tidal 

waves which, in turn, increase the efficiency of sediment dispersal and facilitate the 

formation of wide subaqueous topsets (Stride, 1982; Swenson et al., 2005; Goodbred & 

Saito, 2012).  

With respect to an overall trend of increasing bedform size in deeper realms, empirical 

approaches of scaling dune height with water depth have been proposed (Allen, 1984; 

Leclair & Bridge, 2001). However, these approximations bear tremendous uncertainties 

because dune dimension, geometry and coalescence are a complex function of sediment 

supply, available grain size and the ambient hydrodynamic regime showing significant spatial 

variability (Bartholdy et al., 2005; Van Landeghem et al., 2009; Desjardins et al., 2012a). 

Therefore, depth estimations in this study focus on diagnostic sedimentological features 

other than dimension.   

An agitated shallow marine environment is evidenced by the rippled sand-sheet front (FA-

IIb) that was subject to continuous wave action. Oxidised caps in the sand-sheet core (FA-IIa) 

document temporary subaerial exposure of dune crests under macro- to megatidal 

conditions when bedforms in up to 10 m depth can sporadically reach the intertidal zone 

(FA-IIa; Levoy et al., 2000; Wang et al., 2002; Dashtgard et al., 2009). It places the 

subaqueous rollover of corresponding compound clinothems in very shallow depth, not 

uncommon in laterally extensive mud-prone delta systems with gently sloping sigmoidal 

geometries (Tab.3; Patruno et al., 2015a). Such low-angle platforms in front of high-

discharge rivers promote freshwater infiltration and thus, impose elevated stress levels on 

marine endobenthic and epibenthic communities even in distal environments. 

Consequently, hyposaline conditions were inferred from diminished marine ichnofossil 

diversity throughout the upper section at Kvalpynten (see 6.1).  

Efficient sediment dispersal and offshore transport is interpreted as the central process 

forming exceptionally thin units on the Edgeøya platform compared to antecedent 

clinothems recorded in seismic data further southeast (Glørstad-Clark et al., 2010;  Anell et 

al., 2014). Combined with the reduced availability of accommodation in a very shallow 

setting, it facilitated progradation but decreased temporal resolution in the stratigraphy. 
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9.3 The role of the Uralides 

Three main factors controlled sedimentation patterns on the eastern Svalbard archipelago 

during the Late Triassic:  

 continuous low rates of accommodation creation 

 high sediment supply from the hinterland 

 intense currents facilitating cross-shore and longshore transport 

While the hydrodynamic stress field is a very localised control defining sediment dispersal 

and partitioning in the marginal marine system, the other two factors act on regional and 

supraregional scale. A global trend of eustatic sea-level rise (Haq et al., 1987; Ruban, 2015) 

interacting with local differential compaction and tectonically controlled subsidence ensured 

continuous availability of accommodation space (8.2.3). The associated aggradational 

component is a crucial requirement for the preservation of topset geometries and hence, 

compound clinothems. At the same time, repeated base-level rise demands regular high 

sediment supply in order to sustain shoreline progradation. This is when dynamics of the 

catchment area come into play. A late phase of orogenic activity in the Pay-Khoy Fold Belt 

(Cocks & Torsvik, 2007; Ritzmann & Faleide, 2009) supplied even distal areas of the Uralian 

foreland with large volumes of sediment that could overcome accommodation creation 

(Mørk, 1999; Smelror et al., 2009; Glørstad-Clark et al., 2010; Bue & Andresen, 2013). This 

eastern provenance from a young orogenic belt accounts for mineralogically rather 

immature sandstone of the De Geerdalen Formation (Mørk et al., 1982; Mørk, 1999; 

Worsley, 2008; Vigran et al., 2014). 

The mud-dominated composition arises from the fact that fluvial draining systems in the 

Uralian foreland covered long distances over low-gradient terrain before reaching the 

northwest Barents Shelf. Coarser fractions were deposited in more proximal areas which 

accounts for grain sizes not exceeding fine sand at Kvalpynten. Similar compositional trends 

have been observed by Dalrymple et al. (2003) in the foreland of the Papuan fold-and-thrust 

belt and the corresponding tide-dominated Fly River delta. However, the sand component at 

Kvalpynten was still remarkable considering the long source-to-sink transport distance. The 

discharged sediment supported two sand depocentres although only approximately 30 to 40 

% of the delivered material escapes the delta front in tide-dominated deltas (Kuehl et al., 

1997; Liu et al., 2009). Distal sand dunes emphasise the large sediment volumes the system 
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was supplied with, in somewhat analogue to the Ganges-Brahmaputra delta in the 

Himalayan foreland (Fig.83; Kuehl et al., 1997, 2005; Goodbred & Saito, 2012).  

 

Figure 83. The modern tide-dominated Ganges-Brahmaputra delta in the Himalayan foreland. Note the 
extensive subaqueous platform that is synonymous with the subaqueous topset. Also note lateral variability in 
depositional environments along the shoreline (from Goodbred & Saito, 2012). 

This high-discharge river system draining an active orogenic belt serves as good recent 

analogue to the Late Carnian framework at Kvalpynten. It shares the following 

characteristics with the deltaic successions studied herein (data of the Ganges-Brahmaputra 

delta refers to Kuehl et al.,1997, 2005; Allison, 1998; Michels et al., 1998): 

 formation during relative sea-level rise inducing normal regression 

 location in a sheltered, tide-dominated embayment 

 element of a foreland system with a catchment area in an active fold-and-thrust belt 

 long source-to-sink distance of several hundred kilometres 

 high sediment and water discharge 

 relatively high sand portion in mud-dominated sediment load 

 extensive subaqueous delta with direct connection to a subaerial segment 
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 tens of km’s wide, low-gradient delta-front platform (GB: up to 150 km at ~0,1°) 

 low-angle mud-prone delta front 

 freshwater plumes reaching far out across the subaqueous platform (GB: up to 100 

km far and 50-100 m deep) 

 arrays of outer-platform sand dunes as distal depocentre 

However, some significant dissimilarities between the ancient and modern system should be 

emphasised: 

 a different relative position in the foreland system:  

While the Ganges-Brahmaputra enters the deep Bay of Bengal just seaward of the 

foreland hinge (Kuehl et al., 2005; Illarionov et al., 2016), the delta system of 

Kvalpynten was located at the shallow distal margin of the Uralian foreland basin 

(Glørstad-Clark et al., 2010; Høy & Lundschien, 2011; Anell et al., 2013, 2014b). 

 a different climatic zone:  

In the Bengal region, a tropical humid climate with monsoonal rhythmics prevails 

whereas during the Triassic on Svalbard, conditions were humid temperate with 

pronounced seasonal fluctuations (Mørk et al., 1982; Harland, 1997; Pčelina & 

Korčinskaja, 2008; Stensland, 2012; Mueller et al., 2014; Vigran et al., 2014; Enga, 

2015). 

 a specific local setting:  

The modern Ganges-Brahmaputra delta advances across an ancestral Pleistocene 

floodplain (Michels et al., 1998). By contrast, the delta that deposited successions at 

Kvalpynten prograded across a morphological high, the Edgeøya platform (Henriksen 

et al., 2011; Anell et al., 2015,2016; Vigran et al., 2014), which had major control on 

clinothem geometry. It promoted the evolution of a very shallow extensive delta-

front platform not more than 10 m deep.   
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10 Conclusion 

During the Late Triassic, a deltaic system advanced across the submerged shallow marine 

platform of Edgeøya. Observations on corresponding successions of the De Geerdalen 

Formation at Kvalpynten, SW Edgeøya, provide insight into progradation dynamics and 

spatiotemporal trends in depositional environments. Stacked parasequences produce 

rhythmical sandstone-mudstone alternations that are arranged in superordinate very low-

angle units.  A comprehensive model of a tide-dominated delta front was developed based 

on large-scale geometries captured by photogrammetry and internal facies architecture 

obtained from sedimentological outcrop data. 

Key conclusions drawn from the integration of both approaches are: 

 Sections at Kvalpynten comprise two cycles of delta progradation that were 

associated with markedly different depositional environments. While lower 

successions display a river-dominated system with an exposed mixed-energy, wave- 

and tide-influenced delta front, the upper cycle is characterised by tide-dominance in 

a sheltered delta-front setting.  

 The two systems reflect different styles of regression. It is proposed that 

forestepping in the older cycle was induced by base-level fall causing a deficit in 

accommodation.  Preserved packages are sharp-bounded, closely stacked and 

amalgamated. They display the classic zonation from steep delta slope to high-energy 

delta front and river-dominated delta top.  

By contrast, the younger sequence was deposited during relative sea-level rise and 

accommodation creation. Pronounced aggradation produced units with good lateral 

but poor vertical continuity. Stacked facies associations characterise a low-gradient, 

tide-dominated delta front with distinct zones that extended over long distances. 

They encompass a wide, agitated subtidal platform that passes gently into a 

sheltered intertidal delta front and subaerial delta top. 

 There is evidence for the compound character of corresponding low-angle 

clinothems that evolved during sea-level highstand.  Two spatially separated 

depocentres were located at opposite ends of a bypass zone. While distal compound-

dune complexes on the outer delta-front platform experienced intense wave and 

current action, proximal tidal mouth-bar and channel networks developed in a 

sheltered, tide-dominated setting at the subaerial delta front. Strong cross-shore and 

alongshore currents between the two depocentres inhibited accumulation and 
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promoted sediment dispersal. During delta progradation, formerly distal areas were 

affected by these currents that incised deeply into underlying compound-dune 

deposits. It is proposed that this zone of sediment bypass formed the widely non-

aggradational, flat subaqueous topset of accreting compound clinothems with two 

separate rollovers. The interpretation as very shallow platform setting in front of a 

river mouth is confirmed by sporadic exposure of subaqueous bedforms and a 

stressed ichnofaunal community indicating persistent freshwater influence 

throughout the system. Photogrammetric measurements of large-scale geometries 

reveal an increase in surface inclination from distal compound-dune to proximal 

tidal-bar deposits. This effect is considered to reflect the transition from a 

subhorizontal platform into a gently sloping subaerial delta front. 

The presented data is in good accordance with models of compound-delta systems in tide-

dominated settings where accelerating tidal currents generate a wide and shallow 

subaqueous platform between two genetically linked rollovers (Goodbred & Saito, 2012; 

Patruno et al., 2015a). Major uncertainty, however, arises from insufficient age control. The 

lack in data with regard to sedimentation rates, the unknown lateral extent of the non-

depositional subaqueous topset and the order of the associated hiatus complicate the 

quantification of clinothem geometry. With respect to the lateral variability of depositional 

environments (Rød et al., 2014), high-resolution age constraints are crucial for the 

recognition of large-scale geometries and evolutionary trends in delta systems. 
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Legend for presented logs 
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Appendix 1 –  Surface geometries in the 3-D model 

   (2xH1, 1xH2: Two anchor points in sector H1, one in H2) 

   (1xH1, 2xH2: One anchor point in sector H1, two in H2) 

   (3xH1: All three anchor points in H1) 

 

surface method dip [°] dip direction strike 
B3 2xH1, 1xH2 1,04 282,56 192,56 

  
1,27 268,12 178,12 

  
1,07 239,8 149,8 

  
0,94 261,41 171,41 

  
0,79 273,42 183,42 

  
1,31 267,76 177,76 

  
0,81 305,63 215,63 

  
0,8 294,1 204,1 

  
1,3 274,68 184,68 

  
0,85 273,59 183,59 

 

surface method dip [°] dip direction strike 
B3 1xH1, 2xH2 2,5 350,29 260,29 

  
1,77 10,3 280,3 

  
1,4 349,84 259,84 

  
1,98 10,69 280,69 

  
1,11 343,18 253,18 

  
1,46 350,23 260,23 

  
1,57 357,89 267,89 

  
2,3 357,01 267,01 

  
0,92 344,41 254,41 

  
2,29 7,92 277,92 

 

surface method dip [°] dip direction strike 
B3 3xH1 2,1 300,39 210,39 

  
1,85 268,02 178,02 

  
0,65 181,88 91,88 

  
0,8 164,09 74,09 

  
1,14 137,91 47,91 

  
3,32 270,63 180,63 

  
1,49 113,96 23,96 

  
2,7 101,84 11,84 

  
2,85 261,01 171,01 

  
3,75 77,13 347,13 

  
2,38 288,64 198,64 

  
1,67 125,15 35,15 

  
1,49 119,38 29,38 

  
1,79 267,1 177,1 

  
1,5 231,65 141,65 

  
1,84 107,24 17,24 

  
1,16 213,34 123,34 

  
1,62 258,01 168,01 

  
2,16 298,12 208,12 

  
2,29 307,15 217,15 

 

 

Quartiles for dip  
q0 0,79 
q1 0,82 
q2 0,99 
q3 1,22 
q4 1,31 
 
MAD 0,185 

Quartiles for dip  
q0 0,92 
q1 1,415 
q2 1,67 
q3 2,2125 
q4 2,5 
 
MAD 0,435 

Quartiles for dip 
(to the W- yellow)  
q0 1,5 
q1 1,805 
q2 2,13 
q3 2,3575 
q4 3,32 
 
MAD 0,31 
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surface method dip [°] dip direction strike 
B4 2xH1, 1xH2 1,66 221,63 131,63 

  
0,98 267,05 177,05 

  
1,46 229,45 139,45 

  
0,75 269,91 179,91 

  
1,01 241,65 151,65 

  
1,78 255,83 165,83 

  
0,68 276,01 186,01 

  
2,04 237,36 147,36 

  
0,92 241,05 151,05 

  
0,96 310,85 220,85 

 

surface method dip [°] dip direction strike 
B4 1xH1, 2xH2 5,32 3,91 273,91 

  
2,5 0,85 270,85 

  
1,98 15,34 285,34 

  
4,51 16,09 286,09 

  
2,46 358,69 268,69 

  
1,82 12,32 282,32 

  
3,42 14,75 284,75 

  
2,9 25,87 295,87 

  
2,55 10,65 280,65 

  
3,64 347,63 257,63 

 

surface method dip [°] dip direction strike 
B4 3xH1 2,52 241,31 151,31 

  
4,18 261,12 171,12 

  
1,89 270,51 180,51 

  
2,38 271,88 181,88 

  
3,54 277,43 187,43 

  
3,26 245,19 155,19 

  
1,34 233,38 143,38 

  
2,18 266,58 176,58 

  
0,39 281,9 191,9 

  
3,47 282,97 192,97 

  
1,19 270,33 180,33 

  
1,95 278,37 188,37 

  
3,7 248,1 158,1 

  
3,49 253,64 163,64 

  
2,36 261,99 171,99 

  
0,82 226,49 136,49 

  
1,59 259,74 169,74 

  
4,36 254,19 164,19 

  
2,62 279,17 189,17 

  
3,21 245,67 155,67 

 
 

 

 

 

 

Quartiles for dip  
q0 0,68 
q1 0,93 
q2 0,995 
q3 1,61 
q4 2,04 
 
MAD 0,995 

Quartiles for dip  
q0 1,82 
q1 2,47 
q2 2,725 
q3 3,585 
q4 5,32 
 
MAD 2,725 

Quartiles for dip 
(to the W-yellow)  
q0 0,39 
q1 1,815 
q2 2,45 
q3 3,475 
q4 4,36 
 
MAD 0,94 
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surface method dip [°] dip direction strike 
B5 2xH1, 1xH2 0,91 276,91 186,91 

  
1,11 277,36 187,36 

  
1,41 261,77 171,77 

  
1,12 279,13 189,13 

  
0,92 276,03 186,03 

  
1,72 252,86 162,86 

  
1,24 276,5 186,5 

  
0,98 273,13 183,13 

  
1,03 283,27 193,27 

  
1,49 269,15 179,15 

 

surface method dip [°] dip direction strike 
B5 1xH1, 2xH2 2,57 357,61 267,61 

  
1,55 4,08 274,08 

  
1,84 6,07 276,07 

  
1,12 343,07 253,07 

  
1,89 5,07 275,07 

  
0,94 322,25 232,25 

  
1,41 0,39 270,3 

  
1,28 2,35 272,35 

  
1,73 359,76 269,76 

  
1,69 359,39 269,39 

 

surface method dip [°] dip direction strike 
B5 3xH1 3,63 279,93 189,93 

  
3,37 274,15 184,15 

  
0,46 277,06 187,06 

  
1,91 272,83 182,83 

  
0,6 307,35 217,35 

  
2,16 274,85 184,85 

  
1,03 254 164 

  
3,3 92,04 2,04 

  
1,08 282,92 192,92 

  
0,88 125,4 35,4 

  
1,97 272,23 182,23 

  
1,78 119,9 29,9 

  
2,32 276,46 186,46 

  
3,18 86,77 356,77 

  
2,89 89,12 359,12 

  
1,36 272,26 182,26 

  
4,41 104,74 14,74 

  
4,67 92,88 2,88 

  
0,63 307,78 217,78 

  
1,6 115,43 25,43 

 
 

 

 

 

 

 

 

Quartiles for dip  
q0 0,91 
q1 0,9925 
q2 1,115 
q3 1,3675 
q4 1,72 
 
MAD 0,165 

Quartiles for dip  
q0 0,94 
q1 1,3125 
q2 1,62 
q3 1,8125 
q4 2,57 
 
MAD 0,245 

Quartiles for dip 
(to the W-yellow)  
q0 0,46 
q1 0,93 
q2 1,635 
q3 2,2 
q4 3,63 
 
MAD 0,645 
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surface method dip [°] dip direction strike 
B6 2xH1, 1xH2 1,31 270,66 180,66 

  
1,09 271,13 181,13 

  
1,43 262,49 172,49 

  
1,07 277,89 187,89 

  
1,19 274,45 184,45 

  
1 280,6 190,6 

  
1,22 274,73 184,73 

  
1,09 275,59 185,59 

  
1,1 269,96 179,96 

  
1,06 283,7 193,7 

 

surface method dip [°] dip direction strike 
B6 1xH1, 2xH2 1,22 358,12 268,12 

  
0,92 300,27 210,27 

  
1,3 4,3 274,3 

  
1,98 355,14 265,14 

  
2,22 9,01 279,01 

  
1,1 342,92 252,92 

  
1,54 257,37 167,37 

  
1,01 310,48 220,48 

  
0,97 342,8 252,8 

  
1,16 354,3 264,3 

 

surface method dip [°] dip direction strike 
B6 3xH1 0,31 263,33 173,33 

  
0,9 257,89 167,89 

  
0,96 97,65 7,65 

  
0,36 198,39 108,39 

  
0,81 274,77 184,77 

  
1,54 93,1 3,1 

  
0,52 101,67 11,67 

  
1,94 279,17 189,17 

  
0,96 98,02 8,02 

  
0,3 269,12 179,12 

  
0,42 97,17 7,17 

  
0,93 266,56 176,56 

  
1,04 99,81 9,81 

  
0,67 267,5 177,5 

  
2,14 271,98 181,98 

  
0,34 248,19 158,19 

  
0,85 269,37 179,37 

  
0,36 198,29 108,29 

  
0,62 89,84 359,84 

  
0,2 110,09 20,09 

 

 

 

 

 

 

 

 

Quartiles for dip  
q0 1 
q1 1,075 
q2 1,095 
q3 1,2125 
q4 1,43 
 
MAD 0,065 

Quartiles for dip  
q0 0,92 
q1 1,0325 
q2 1,19 
q3 1,48 
q4 2,22 
 
MAD 0,2 

Quartiles for dip 
(to the W-yellow)  
q0 0,3 
q1 0,4225 
q2 0,83 
q3 0,9225 
q4 2,14 
 
MAD 0,325 
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surface method dip [°] dip direction strike 
B7 2xH1, 1xH2 1,32 271,49 181,49 

  
1,36 264,38 174,38 

  
1,28 270,9 180,9 

  
1,4 265,12 175,12 

  
1,26 270,78 180,78 

  
1,24 273,1 183,1 

  
1,37 267,68 177,68 

  
1,31 272,93 182,93 

  
1,55 260,42 170,42 

  
1,38 260,22 170,22 

 

 

surface method dip [°] dip direction strike 
B7 3xH1 1,33 271,2 181,2 

  
2,82 271,1 181,1 

  
1,4 267,12 177,12 

  
0,7 106,86 16,86 

  
1,95 270,99 180,99 

  
0,46 210,04 120,04 

  
3,52 90,26 0,26 

  
0,84 258,18 168,18 

  
1,83 270,9 180,9 

  
2,51 272,51 182,51 

  
1,11 105,47 15,47 

  
4,27 273,88 183,88 

  
0,81 256,19 166,19 

  
1,17 261,78 171,78 

  
2,17 270,06 180,06 

  
1,32 268,8 178,8 

  
2,37 269,74 179,74 

  
2,3 268,98 178,98 

  
0,41 251,93 161,93 

  
2,66 269,09 179,09 

 

 

 

 

 

 

 

 

 

 

 

 

Quartiles for dip  
q0 1,24 
q1 1,2875 
q2 1,34 
q3 1,3775 
q4 1,55 
 
MAD 0,05 

Quartiles for dip 
(to the W-yellow)  
q0 0,41 
q1 1,17 
q2 1,83 
q3 2,37 
q4 4,27 
 
MAD 0,66 
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surface method dip [°] dip direction strike 
B9 3xH1 2,2 271,33 181,33 

  
1,08 110,07 20,07 

  
0,68 242,02 152,02 

  
1,58 264,62 174,62 

  
2,88 91,98 1,98 

  
2 268 178 

  
0,66 110,34 20,34 

  
1,09 257,39 167,39 

  
0,83 268,91 178,91 

  
1,44 267,05 177,05 

  
1,08 271,77 181,77 

  
2,11 269,8 179,8 

  
1,18 279 189 

  
1,6 265,13 175,13 

  
2,33 269,08 179,08 

  
2,66 92,91 2,91 

  
1,58 262,31 172,31 

  
1,71 273,54 183,54 

  
1,85 269,98 179,98 

  
2,39 91,02 1,01 

 

 

 

 

surface method dip [°] dip direction strike 
B10 3xH1 2,08 274,15 184,15 

  
1,29 270,97 180,97 

  
1,4 265,82 175,82 

  
1,51 275,76 185,76 

  
1,84 91,85 1,85 

  
0,98 99,11 9,11 

  
1,82 278,16 188,16 

  
1,37 266,13 176,13 

  
1,84 275,19 185,19 

  
0,55 247,39 157,39 

  
0,32 272,23 182,23 

  
1,97 278,78 188,78 

  
1,65 268,29 178,29 

  
1,61 266,31 176,31 

  
0,59 258,24 168,24 

  
2,53 270,49 180,49 

  
2,75 272,9 182,9 

  
1,5 265,54 175,54 

  
0,76 276,24 186,24 

  
1,56 266,84 176,84 

 

 

 

 

 

Quartiles for dip 
(to the W-yellow)  
q0 0,68 
q1 1,135 
q2 1,58 
q3 1,925 
q4 2,33 
 
MAD 0,42 

Quartiles for dip 
(to the W-yellow)  
q0 0,32 
q1 1,31 
q2 1,535 
q3 1,835 
q4 2,75 
 
MAD 0,295 
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Appendix 2 –  Small-scale clinoforms in H1, Fig.27    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 3 –  Sandstone lenses, Fig.29    
 

Upper level 
from S to N width [m] Thickness [m] 

1 360 16 
2 156 7,4 
3 345 15,5 
4 60+ 2,5+ 
5 232 5,2 
8 323 9,7 
9 230+ 6,4+ 

 
Lower level 

(at B8)   

   0 4330+ 16,5 
 

 

 

 

 

 

 

H1 dip [°] dip direction [°] strike [°] relief [m] 
East 11,8 305,0 215,0 12,4 
 11,5 299,5 209,5 17,4 

 
10,4 299,7 209,7 17,5 

 
7,0 286,9 196,9 17,0 

 
8,3 280,8 190,8 18,2 

 
8,9 299,0 209,0 18,5 

 
9,6 292,7 202,7 20,8 

 
10,1 275,0 185,0 23,2 

 
8,1 292,7 202,7 22,9 

 
8,5 274,6 184,6 20,6 

 
12,5 265,2 175,2 26,1 

 
9,5 285,6 195,6 28,2 

 
10,6 323,7 233,7 24,1 

median 9,6 292,7 202,7 20,6 

     West 7,0 313,1 223,1 9,6 

 
12,9 334,2 244,2 14,4 

 
6,9 338,8 248,8 7,5 

 
8,6 306,8 216,8 9,0 

 
11,5 314,3 224,3 10,8 

 
7,3 302,3 212,3 8,2 

median 7,9 313,7 223,7 9,3 
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Appendix 4 –  Vertical trends in fault offset, Fig.22,30,31  

  

Fault Surface 
Vertical distance from B1 
(footwall) [m] 

Vertical distance from B1 
(hanging wall) [m] offset [m] direction 

(11) B1 0 0 11,5 down to SW 

 
B3 35,3 32,9 14,7 

 
 

/ 53,4 49,3 15,7 
 (10b) B1 0 0 29,3 down to SW 

 
B3 36,8 36,7 25,9 

 
 

/ 54 55,5 26,5 
 (10a) B1 0 0 18,4 down to NE 

 
B3 40,6 37,9 25,5 

 
 

/ 58,2 56,5 21,4 
 (9) B1 0 0 4,2 down to NE 

 
B3 44,2 46,3 3,9 

 
 

/ 77 80,6 0 
 (8d) B1 0 0 9,7 down to SW 

 
B3 44,8 44,9 7,9 

 (8c) B1 0 0 3,4 down to SW 

 
B3 44,9 43,9 1 

 (8b) B1 0 0 8,2 down to NE 

 
B3 46,3 46,4 7,4 

 (8a) B1 0 0 13,6 down to SW 

 
B3 48,6 48,8 13,5 

 (7b) B1 0 0 22,5 down to SW 

 
B3 44,4 44,1 23,3 

 (7a) B1 0 0 12,7 down to NE 

 
B3 41,8 41,7 12,2 

 
 

B5 98,8 98,3 16,4 
 (6) B1 0 0 6,8 down to NE 

 
B3 41,3 41,5 4 

 
 

B5 91,5 93,5 0,9 
 (5a) B1 0 0 n.a. down to SW 

 
B3 35,6 n.a. 22,7 

 
 

B5 95,1 n.a. 26,1 
 

 
/ 142,4 n.a. 24,7 

 (5b) B1 0 0 n.a. down to NE 

 
B3 36,5 n.a. 4,4 

 
 

B5 94,1 n.a. 4,3 
 

 
/ 146,9 n.a. 3,8 

 (4b) B1 0 0 4,6 down to NE 

 
/ 116,8 128 0 

 
 

B8 186,5 192,2 7,3 
 

 
/ 222 235,7 0 

 (4a) B1 0 0 7,4 down to SW 

 
/ 125,1 128 6,5 

 
 

B8 189,2 192,2 8,7 
 

 
/ 232,1 235,7 7,5 

 (3) B1 0 0 1,5 down to SW 

 
B3 40,3 38,9 4,9 

 
 

B5 99,6 97,1 5,9 
 

 
B8 162,2 164,7 2,7 

 
 

/ 208,8 209,5 0,9 
 (2) B1 0 0 10,2 down to SW 

 
B3 39,7 42,3 9,3 

 
 

B5 98,1 102,9 7,3 
 

 
B8 159 164,3 5,8 

 
 

/ 199,7 205,7 4,4 
 

  
? (S) ? (N) 

  (1) B1 0 0 0 up/down to N 

 
B3 42,9 42 0 

 
 

B5 88,9 83,3 0 
 

 
B8 183,6 179,6 4,8 

 
 

/ 226,3 221,4 5,7 
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Appendix 5 –  Sedimentological logs 

 

A – Årdalen1 

 

 



155 

 

Appendix 5 –  Sedimentological logs 

 

A – Årdalen1 
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Appendix 5 –  Sedimentological logs 

 

A – Årdalen1 
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Appendix 5 –  Sedimentological logs 

 

A – Årdalen1 
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Appendix 5 –  Sedimentological logs 

 

A – Årdalen1 

 

 
 

 



159 

 

Appendix 5 –  Sedimentological logs 

 

B – Årdalsnuten1 (T. G. Klausen, M. Mulrooney) 
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Appendix 5 –  Sedimentological logs 

 

C – Årdalsnuten2 (T. G. Klausen, B. G. Haile) 
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Appendix 5 –  Sedimentological logs 

 

D – Kvalpynten1 (?, redrawn by I. Anell) 

 

 



162 

 

Appendix 5 –  Sedimentological logs 

 

E – Eilifdalen1 (A. Braathen, K. Ogata, redrawn by I. Anell) 
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Appendix 5 –  Sedimentological logs 

 

F – Vogelberget1  
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Appendix 5 –  Sedimentological logs 

 

F – Vogelberget1  
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Appendix 5 –  Sedimentological logs 

 

F – Vogelberget1  
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Appendix 5 –  Sedimentological logs 

 

G – Øhmannfjellet1 (T. G. Klausen, B. G. Haile) 
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Appendix 5 –  Sedimentological logs 

 

H – Tjuvfjordskaret1 (A. Braathen) 

 

 
 


