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Preface to the dissertation 

This dissertation is submitted for fulfilment of the degree Doctor Philosophiae at the 

Department of Earth Science at the University of Bergen. This dissertation consists of 

published studies carried out by the author as an employee in Statoil ASA, now Equinor 

ASA. Thus, the requirement for the Doctor Philosophiae of an independent study without 

supervision outside an academic institution, is fulfilled. 

 

This dissertation consists of five published papers in international journals, four abstracts 

of studies presented at the American Associations of Petroleum Geologist Annual 

meetings (USA) and a contribution to the Norwegian Geological Society publication: 

Making of the land. All papers and abstracts have been peer reviewed. The papers and 

abstracts are based on individual datasets for each study, from different geographical areas 

and from different geological periods. Permission for reprint is obtained from all 

publishers. 

 

This dissertation consists of three parts. The first part contains an introduction to the 

dissertation with statement of objectives, a description of the geological setting covering 

the five papers and a review of development in sedimentary models for stratal 

accumulation and methods applied. The second part consists of the five papers with an 

introduction and summary of each paper. The third part synthesizes the findings within 

the papers in the context of the aims of the dissertation.  
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Abstract 

The Norwegian sedimentary basins offshore and onshore have in variable degree been 

influenced by tectonism as rifting and faulting during deposition. This stems from 

post-Caledonian extensional events that affected both the Devonian and Mesozoic 

sedimentary basins in Norway. The Mesozoic northern North Sea region experienced 

well-known multiple rift-phases with intervening intervals of reduced tectonic activity. 

This resulted in a complex sedimentary infill of the basin. However, the significance of 

the tectonic influence in the stratigraphy of the sedimentary basin has, to some extent, 

been downplayed. In many cases, this is caused by the application of the sequence 

stratigraphic method which conventionally has placed greatest and dominating weight on 

eustatic sea level changes. Among other things, this has led to the interpretation of many 

of the sedimentary units offshore Norway as being deposited during tectonic quiescence.  

This dissertation documents and discusses the sedimentary response to tectonism based 

on several case-studies offshore and onshore Norway at three levels of scale: at basinal 

scale, at the infill style and architectural scale, and at local fault-induced depositional 

environment scales. At basinal scale, the impact of tectonism must be distinguished from 

the impact of other allogenic forces such as climate or eustasy, not least because tectonic 

changes cause changes in both supply and accommodation. Basins at various stages of 

rifting show different infill styles dependent on the interplay between accommodation 

space and the sediment supply. This is sometimes reflected in the depositional 

environments in terms of wave and fluvial influence in relative open, shallow seascapes 

of overfilled basins, typically during proto- and rift-initiation stages. Underfilled rift 

basins are sometimes dominated by tidal depositional environments, typically during syn-

rift stage when rapid burial and topography allows good preservation of tidal signals. The 

sequence stratigraphic method can be applied to the sedimentary infill of a rift basin where 

parts of fault blocks have been subjected to near uniform subsidence. This implies that 

the method has some important limitations. At local scale, fault movement has a direct 

impact on the depositional environment by creating local depressions or elevating fault-

footwall crests.  



 vii 

It is suggested that the results herein benefit our understanding of: modern sedimentary 

basins in terms of environmental challenges and hazards; the subsurface parts of 

sedimentary basins with regard to hydrocarbon exploration, production and CO2 storage; 

and the general geological evolution of these sedimentary basins in Norway with 

application to other areas. 
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1. Introduction  

The stratigraphic infill and architecture of the sedimentary basins onshore and offshore 

Norway are the responses and product of interplay between the allogenic forces i.e. 

tectonics, climate and eustasy, as well as the more local and smaller scale autogenic 

responses within the basins. These sedimentary basins show a variety of depositional 

environments, internal stratigraphic stacking patterns, and perhaps also a stratigraphic 

cyclicity at various time scales due to different influencing roles and impact of the 

allogenic forces. However, there has been a tendency among studies of the sedimentary 

infill of these basins to relate stratigraphic changes primarily to changes in eustasy, 

thereby downplaying the significance of other allogenic forces. Therefore, the 

motivation for this dissertation is to 

documents and discuss the 

sedimentary responses to faulting 

and tectonism, herein interpreted as 

an important allogenic force in the 

infilling of these basins. 

In the current dissertation, a series of 

case studies are presented ranging 

from intra-cratonic alluvial to 

continental-margin fluvial and 

shallow-marine deltaic and tidal 

deposits. These studies have a 

common theme as they all address 

the influence of tectonism on 

sedimentation and sediment 

accumulation on various scales in 

different geological settings. The 

studies are, in a broad sense, 

genetically and tectonically linked in 

time and space from the post-

Figure 1. Location of the studies presented in this 
dissertation - onshore and offshore Norway. 
Numbers refer to paper-numbering and ´A´ refers 
to appendices. Modified from Kartverket.no. 
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Caledonian extensional collapse that created Devonian stratigraphy along Western 

Norway to later reactivation of inherited weakness zones of the old Caledonian suture 

during subsequent lithospheric extension and rift-episodes controlling the architecture 

of the offshore Mesozoic margin stratigraphy. Within these examples of onshore and 

offshore sedimentary basins (Fig. 1), variable tectonic activity caused uplift or 

subsidence and formed the basins, affecting the sediment supply via topographic relief 

and depositional environments via geometry of accommodation space, and sometimes 

induced climatic changes across topographic barriers The aim of this dissertation is to 

demonstrate and discuss the sedimentary response to tectonic forces and active rifting 

based on the findings within the papers of this dissertation. The sedimentary responses 

are tied to different time and space scales and thus this dissertation is divided into three 

themes as:  

1) The allogenic forces acting on the sedimentary basins were commonly dominated 

by tectonics, climate or eustasy; however, these factors can act in near concert. The 

time scales between these forces, however, can be different as tectonic processes such 

as thrusting and the formation of mountain ranges occur on longer time scales, typically 

on 1Myr or more. This time scale may also be important for long-term climate change, 

whereas eustatic changes in the studied basins commonly occur on a scale of about 3-

400Kyr (Ravnås et al., 2000). Intra-cratonic basins, such as the Devonian Hornelen 

Basin (Folkestad & Steel, 2001) (Paper 1), are excluded from eustatic influence which 

leaves tectonic and climate as the controlling allogenic factors. In offshore basins, 

however, with shallow-marine conditions, eustasy has traditionally been regarded as 

the main control (Van Wagoner, 1995; Hampson et al., 2004), but in some cases the 

tectonic events and fault movements can move at a rate that masks a fluctuating eustatic 

sea-level signal (Folkestad & Satur, 2008, Paper 5; Folkestad et al., 2014) (Paper 4). 

2) The second theme has a focus on how rifting and fault-movements may have 

influenced the infill of the sedimentary basins. The reasoning behind what affects the 

different depositional environments on local and basin-scale has changed through time 

as methods have become fashionable but later criticized and evolved or replaced with 

new methods. The break-through as regards the stratigraphic organization of 
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sedimentary units in a systematic way arrived with the concept of sequence stratigraphy 

(Vail et al., 1977) and this has dominated how shallow-marine depositional 

environments have been interpreted for decades. Unfortunately, this has also led to a 

tendency to interpret the evolution of the Jurassic sedimentary basins offshore Norway 

with overemphasis on eustatic fluctuations and downplay of tectonics. For example, 

the shallow-marine Middle Jurassic Brent Group has generally been interpreted as 

deposited prior to the Middle-Late Jurassic rift phase, in a tectonically quiet basin 

controlled by eustasy with evenly thick basinwide sand units (Helland-Hansen et al., 

1992; Hampson et al., 2004; Bullimore et al., 2009; Went, et al., 2013). 

In the subsurface, the identification of syn-rift sedimentary units has commonly been 

done by interpreting reflection seismic data (Prosser, 1993) which is limited by 

decreasing seismic resolution with depth. In stratigraphic successions buried at depths 

with reduced seismic imaging, identification of the rift initiation and early rift-stage 

can be challenging whereas the main rift-stage is often better defined. To overcome the 

resolution issue in seismic data, the rift-stages are more easily recognized in well-

correlations via asymmetric-shaped stratigraphic thickness increase towards faults and 

through lateral changing facies interpretations from cored intervals as documented in 

the Brent Group by Folkestad et al., (2014) (Paper 4). These findings are important in 

the understanding of the evolution of a rift phase using sub-surface data. 

3) The third theme focus is on the depositional environment response to fault activity, 

i.e. in terms of fault-induced depositional environments. Extensional fault activity and 

rifting creates increased accommodation with the effect of promoting transgression of 

the shallow-marine, shoreline system at that location. During fault-block rotation, a 

segregation of depositional environments occurs as the accommodation space becomes 

relatively low or negative (erosion) along the footwall crest areas whereas the 

hangingwall areas will have increased and higher accommodation space. Such a 

variation in accommodation space results in different depositional environments in the 

deeper hangingwall sites compared to the up-dip footwall sites. Extensional faulting 

and very rapid subsidence can cause transgression with a significant landward retreat 

of the shallow-marine depositional environment. In such a setting, tidal processes can 
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easily dominate in the coastal estuaries and outer reaches of rivers as the tidal currents 

will reach farther inland, at least through the backwater zone (Swenson et al., 2005). A 

consequence of such a transgression is a gradual landward shift of sedimentation locus, 

accompanied by increased thickness of the transgressive tract landward, opposite to the 

seaward thickening of the regressive tract. This gives a characteristic opposite skew to 

the thickness distribution of the transgressive and regressive units within a syn-rift 

sequence over relatively short distances at times (see Folkestad & Satur, 2008) 

(Paper 5). 

In this dissertation the three themes above are referred to as: 

• Theme 1) Allogenic forces: tectonics – climatic - eustatic controls 

• Theme 2) Basin-wide infill style, rift-stages and sequence stratigraphic implications 

• Theme 3) Intra-basinal fault induced depositional environments 
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2. Geological setting 

After the formation of the prominent Caledonian Mountain range in Palaeozoic, many 

of the sedimentary basins onshore and offshore Norway became affected by tectonic 

events. The Caledonian Mountain range was formed by the collision between the 

Fennoscandian Shield and Greenland in Ordovician and Silurian time. The Caledonian 

orogenic belt extends over most of Norway today and forms the crystalline basement 

below the offshore sedimentary basins (Ziegler, 1990; Gabrielsen et al., 2010). The 

formation of this mountain range occurred through contractional forces and was 

followed by gravitational collapse and extension in Devonian time with formation of 

collapse and pull-apart basins (Steel, 1976; Folkestad & Steel, 2001) (Paper 1) 

(Figure 2). These pull-apart basins became imprinted onto the Caledonian crust (Beach, 

1985) and they were formed by lateral movements of shear zones cutting across the 

northern North Sea from Norway into Scotland (Fossen et al., 2016) (Fig. 2). These 

basins and shear-zones had an important influence on subsequent tectonics in the 

region, at least in the Mesozoic (Coward, 1993). 

The Caledonian Mountain range (both in Norway and Scotland) became the prominent 

sediment source-area for the Devonian intra-cratonic pull-apart basins. These are found 

along the west-coast of Norway and were filled with alluvial fans, lakes and fluvial 

depositional systems (Steel & Gloppen, 1980). The exposed Devonian Hornelen Basin 

(Folkestad & Steel, 2001) (Paper 1) (Fig. 2), shows only the roots of the Devonian 

deposits that became buried down to depth of greenschist facies, i.e. at depth of 8-50 

km (Blatt & Tracey, 1996). The Caledonian rocks continued to act as sediment source 

area for the offshore sedimentary basins throughout the Triassic and Jurassic (Steel, 

1993; Gabrielsen et al., 2010). As pointed out by Orre & Folkestad (2019) (Paper 2), 

the original burial depth (8-50 km) of the Devonian basins that are exposed today, 

indicates an uplift and exhumation of Norway with vast amounts of clastic sediment 

supplied into the adjacent basins predominately during the Mesozoic. This aligns with 

the suggestion of Roberts et al., (1999) that post-Devonian uplift of western Norway 

was in the order of 60 km due to the occurrence of basement eclogites in that area. The 

Mesozoic epoch was dominated by Greenhouse conditions (Nøttvedt et al., 2008) 
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which typically promotes high sediment yield from the sediment source areas (Carvajal 

et al., 2009). 

In Mesozoic time, the break-up of the super-continent Pangaea commenced with the 

development of the Artic-North Atlantic rift in Permo-Triassic time. The rift 

propagated from the Barents region and southward to the North Sea Basin (Ziegler & 

Van Hoorn, 1989; Roberts et al., 1999) and probably followed the old Caledonian 

suture (Dorè et al., 1997; Nøttvedt et al., 2008) and cut across the (east-west oriented) 

Caledonian lineaments (Ziegler, 1990; Fossen et al., 2016) (Fig. 2). The rifting reached 

a climax phase in the Early Triassic in the northern North Sea with fault-orientation 

running north-south (Ziegler, 1990; Coward, 1993; Færseth, 1996; Odinsen et al., 

2000). The Permo-Triassic rift axis was located under the Horda Platform (Færseth, 

1996) (Fig. 2). In this part of the rift, the period between Middle Triassic and Early 

Jurassic is by several authors termed a post-rift phase (Nøttvedt et al., 1995; Ryseth, 

2000; Bullimore & Helland-Hansen, 2009). 
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Figure 2. The northern North Sea with sub-basins indicated. The faults and lineaments of 
post-Caledonian extension are of Devonian origin and resembles pull-apart basins in 
places. Modified from Fossen et al., (2017); Orre & Folkestad (2019); Zanella & Coward, 
(2003). The seismic map shows Base Cretaceous Horizon and indicates the NVG, SVG, 
MF and CG basins. Modified from Fraser et al., (2003). 

Ravnås et al., (2000), however, suggest that this period represents an inter-rift phase 

before the main Arctic-North Atlantic rift became reactivated again in Middle-Late 

Jurassic. Ziegler (1990) suggested that the rift zone became more active in the Jurassic, 

which implies that the rift was to some extent active through Triassic and Jurassic as 

an inter-rift phase, and the rift propagated again southwards in the Jurassic. This 

southward propagation is reflected in the development of a rift-branch in the 

Hammerfest Basin with syn-rift phase in Early Jurassic (Wennberg et al., 2008), rift-

initiation phase in Pliensbachian in the Haltenbanken (Martinius et al., 2001) and with 

subsequent rift-propagation into the northern North Sea with rotation of the Permo-

Triassic fault-blocks in Middle Jurassic (Bajocian) time (Folkestad et al., 2014) 
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(Paper 4) and farther into the South Viking Graben (Fig. 2) in Late Jurassic (Dorè et 

al., 1997; Folkestad & Satur, 2008) (Paper 2). The rift became a failed rift (Rattey & 

Hayard, 1993) and died out at the triple junction of the South Viking Graben, Moray 

Firth and Central Graben. Coward (1993) suggested that the Mesozoic rift-phases 

reactivated the old Devonian pull-apart basins in the northern North Sea and influenced 

the fault configuration of the Mesozoic rift-phases. This was followed up by Orre & 

Folkestad (2019) (Paper 2) who pointed out that the curved fault-ridges of the Mesozoic 

rift-basins in the northern North Sea (Lee & Hwang, 1993) resembles shapes of pull-

apart basins of probably Devonian origin (Fig. 2). This would be the Devonian basins 

imprinted onto the Caledonian crust as suggested by Beach (1985).  

The break-up of Pangaea in the Late 

Permian and Triassic was associated 

with volcanic activity and release of 

huge volumes of CO2 giving a warming 

climate (Nøttvedt et al., 2008). This 

caused increased precipitation and 

weathering of the sediment source areas 

where the sediment yield and climatic 

influence is reflected in the stratigraphy 

and depositional environments in the 

Triassic (Orre & Folkestad, 2019) 

(Paper 2). The Permo-Triassic rifting in 

the northern North Sea occurred within 

an arid continental setting. The Triassic 

strata are represented by the Hegre 

Group (Fig. 3) which consists of the 

Teist, Lomvi, Alke and Lunde 

formations comprising fluvial channels, 

lakes, braided stream units, aeolian 

deposits and floodplain deposits Figure 3. Stratigraphic column of the North 
Viking Graben. 
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(Fig. 3). The lower Triassic succession reflects a syn-rift setting (Odinsen et al., 2000) 

with rotated fault-blocks filled in with lakes and fluvial deposits in the hanging wall 

depressions (Teist Formation) and with aeolian sands (Lomvi Formation) restricted to 

the elevated footwall highs (Orre & Folkestad, 2019) (Paper 2). These environments 

became drowned in the post-rift phase by the floodplains of the Alke Formation. The 

Alke Formation is the distal (mud-dominated) part of the large alluvial sedimentary 

wedge represented by the Lunde Formation (Middle Triassic) (Fig. 3). The Lunde 

Formation consists of fluvial channels, braided streams and meters-thick red-coloured 

overbank fines. This formation built out from Norwegian mainland and Scotland into 

the northern North Sea Basin and covered the whole basin. This increased sediment 

influx during the Triassic was caused by basin margin uplift (Nøttvedt et al., 2008) 

combined with high rates of precipitations and weathering due to a monsoonal effect 

(Orre & Folkestad, 2019) (Paper 2). 

The Hegre Group is succeeded by the fluvial to shallow-marine Statfjord Group, 

deposited during the Late Triassic-Early Jurassic transition (Nystuen & Fält, 1995) 

(Fig. 3). The Statfjord Group became transgressed from the south by the Tethys Sea 

through the northern North Sea due to fault movements (Færseth & Ravnås, 1998) 

which led to the formation of the Early Jurassic Seaway (Dorè et al., 1997). This 

seaway followed the weakness zone of the older Artic rift-zone, being the proto-Viking 

Graben (Fig. 2) in the northern North Sea (Coward et al., 2003). This narrow seaway 

established a connection between the southern Tethys Sea and the artic Boreal Sea in 

the north (Gjelberg et al., 1987; Ziegler, 1990; Dorè et al., 1997). The formation of the 

seaway was caused by fault-activity in this period (Færseth & Ravnås, 1998), strongly 

suggesting that the interval of Middle Triassic to Early Jurassic represents an inter-rift 

phase (Færseth & Ravnås, 1998; Ravnås et al., 2000). The narrow and elongated shape 

of the seaway (Dorè et al., 1997) suppressed wave-action and favored instead the 

building of fluvio-tidal dominated deltas into the seaway as the Cook Formation 

(Folkestad et al., 2012a) (Paper 3) (Fig. 3). The seaway is also named ´The Viking 

Corridor´ by Baroni et al., (2018) and the protected basinal setting facilitated the 

generation of organic rich source-rocks during the ´Toarcian Anoxic Event´ (Baroni et 

al., 2018). 
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Gjelberg et al., (1987) demonstrated the link between the Early Jurassic formations in 

Haltenbanken and in the Hammerfest Basin and their comparable depositional 

evolution within the Early Jurassic Seaway. A similar comparison can be made towards 

the south. In the Early Jurassic, a rift-branch developed into the Hammerfest Basin with 

deposition of the tidal-dominated Stø formation during syn-sedimentary faulting 

(possibly rift initiation) (Folkestad et al., 2005, Appen. 1a; Folkestad, 2008; Appen. 1c; 

Ottesen et al., 2006, Appen. 1b; Wennberg et al., 2008). This evolution shows 

similarities to the Early Jurassic Seaway in the northern North Sea where the 

Pliensbachian Cook Formation accumulated with some syn-sedimentary faulting 

(Livbjerg & Mjøs, 1989; Folkestad et al., 2012a) (Paper 3).  

The Cook Formation was subsequently drowned by offshore shales of the Drake 

Formation in Toarcian time (Fig. 3). This tranquil offshore environment became 

disrupted by a rapid build-out of Gilbert-type deltas of the Broom Formation from the 

East Shetland Platform during the Aalenian. Simultaneously, the Oseberg Formation 

built out from the Norwegian coast directed towards the Viking Graben (Fig. 3). 

According to Underhill & Partington (1994), the build-out of the Broom and Oseberg 

formations was immediately followed by an uplift of the triple junction of Central 

Graben, Moray Firth and South Viking Graben to the south in Aalenian time (Fig. 2). 

This initiated the rapid northward advancement of the Middle Jurassic Brent ´Delta´ 

through the Viking Graben (Helland-Hansen et al., 1992) (Fig. 2 and 4). The Brent 

Delta entered a slightly northward-descending ramp in the northern North Sea 

(Nøttvedt et al., 1995) as a consequence of the formation and deepening of the Møre 

Basin across the Møre-Trøndelag Fault Zone in Toarcian-Aalenian time (Brekke, 2000) 

(Fig. 2). This resulted in a broad wave-dominated delta front of the lower Brent Delta 

(Fjellanger et al., 1996; Folkestad et al., 2014) (Paper 4). The progradation of the Brent 

Delta halted due to an overextended delta-front (Muto & Steel, 1992) combined with 

the initiation of the Middle-Upper Jurassic rift phase with increased subsidence 

(Folkestad et al., 2014) (Paper 4) (Fig 4).  

Increasing rift activity during the deposition of the Brent Group caused a change in 

depositional style from wave-dominance in the lower regressive part (Rannoch-Etive 
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formations) (Fig. 4) to overall transgressive estuaries, tidal bars and dune-fields, and 

spit-development in the Tarbert Formation (Folkestad et al., 2014) (Paper 4). The 

rifting led to a southward retreat of the transgressive depositional environments with 

the main rift axis placed in the Viking Graben (Fig 2). This brought the shallow-marine 

tidally dominated environment (Hugin Formation) (Fig. 4) into the South Viking 

Graben (Fig. 2) in Bathonian time, while footwall islands with attached sandstones of 

the Tarbert Formation, existed in the northern Viking Graben (Folkestad et al., 2012b, 

Appen. 2; Folkestad et al., 2014). The Middle-Late Jurassic rift-phase initiated in the 

Viking Graben and spread laterally outwards through time (Folkestad et al., 2014) 

(Paper 4) and affected (to a lesser extent) the adjacent areas as the Horda Platform in 

the Late Jurassic (Duffy et al., 2015). In Late Jurassic, deltaic sand sheets built out from 

Norway onto the relative tectonically stable Horda Platform with the Oxfordian 

Sognefjord Formation ´Delta´ covering most of the northern Horda Platform (Dreyer 

et al., 2005). 

In the South Viking Graben (Fig. 2), fault-block rotation in the Middle-Late Jurassic 

gave a similar arrangement of the depositional environments as within the Brent Group 

in the North Viking Graben (Folkestad et al., 2012b, Appen. 2; Folkestad et al., 2014; 

Paper 4). In both areas, the deepening of the hanging walls sites facilitated the 

deposition of sedimentary gravity-flow deposits and the organic-rich Upper Jurassic 

claystones of the Draupne Formation (Fig. 4). The northern North Sea experienced its 

main syn-rift stage with fault-block rotation in the Late Jurassic (Callovian-Oxfordian) 

with some of the footwall highs lifted above sea-level and exposed to erosion. The 

footwall highs became thereafter straddled by the Base Cretaceous Unconformity. This 

was followed by thermal subsidence of the basin in a post-rift stage in Cretaceous and 

a general drowning of the footwall ridges (Roberts et al., 2019) that culminated with 

the highest sea-level in Mesozoic time. 
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Figure 4. Stratigraphic column of the Early Jurassic to Early Cretaceous shown as a south - 
north transect within the Viking Graben. The Brent Group is genetically related to the 
Sleipner and Hugin formations in the South Viking Graben. Modified from Gradstein et al., 
(2010). 
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3. Development in sedimentary models for stratal 

accumulation 

Sedimentology has had a series of key breakthroughs in understanding process regimes 

from bed-scale to basin-wide organized strata. The first step was the introduction of 

the concept of facies (Gressley, 1838) which enabled sedimentologists to group 

sedimentary strata into genetic units based on how modern environments change their 

facies, both along depositional strike and down depositional dip. Secondly, by using 

the technique that the ‘present is the key to the past’ (Lyell, 1830) it was possible to 

understand and infer the depositional system of the genetic unit by describing the 

vertically changing facies in the rock unit. This method became popular in the 1960`s 

and 70`s and was developed into the concept of ‘depositional systems’ and ‘facies 

tracts’ (Frazier et al., 1974) which grouped facies into successions (Walker, 1984). The 

third breakthrough came with the introduction of the sequence stratigraphic method 

(Vail et al., 1977) which enabled sedimentologists to systematize the facies successions 

into orderly stacking patterns within a conceptual framework bounded by basin-wide 

surfaces, where the basin-wide surfaces are controlled by allogenic force(s).  

Vail et al., (1977) developed their new method in the shelfal part of the Gulf of Mexico 

by describing and interpreting seismic stratigraphy within the coastal and marine 

environment. In that part of the clastic sedimentological spectrum, the stratigraphic 

stacking pattern consists of prograding or advancing deltaic units and subsequent 

drowned delta-tops and shoreline retreat. The Gulf of Mexico has a wide shelf with a 

low tectonic subsidence rate working on long time-scale (>1Myr) and a relatively low-

gradient river valley of the Mississippi. It became obvious that changes in eustatic sea-

level, commonly working on timescale of 100`s Kyr, was the allocyclic (driving) force 

that controlled the stacking pattern. Eustatic sea-level variations arise from the variable 

volume of water in the global ocean linked to expanding and contracting ice-caps at 

the poles (Miller et al., 1998). Eustasy has, therefore, the largest impact on shallow-

marine depositional systems in areas with stable shelfs where rising sea-level pushes 

the coastline towards the land, and seaward when its falls, even beyond the shelf edge. 
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It became prevalent to interpret the evolution of shallow-marine sedimentary systems 

and the infilling of basins with only changes in eustasy, largely ignoring or 

downplaying the effects of changing sediment supply, and the role of tectonics and 

climate in controlling both sediment supply and accommodation. This tended to 

dominate the sedimentological papers in the 80-90`s within the shallow-marine realm. 

Typically, a sequence was interpreted as two seaward stepping sand-tongues, namely 

the falling-stage (forced regression) to lowstand and the later highstand tongues (Hunt 

& Tucker, 1992) separated by a flooding surface in the middle. Unfortunately, this 

promoted a lacking or poor recognition of the transgressive tract as an important 

sedimentary package. This approach left the transgressive tract either ignored or 

portrayed just as a surface, and the transgression-related tidal deposits were typically 

downplayed in the papers on shallow-marine sequence stratigraphy as in the northern 

North Sea (see Hampson et al., 2004; Kiefs et al., 2010; Went et al., 2013). 

Response to tectonic forces in sedimentary basins involving subsidence or uplift 

challenged the idea of eustasy as the unique allogenic driving force within sequence 

stratigraphy. This was solved by introducing the term `relative sea-level` where sea-

level rise or fall is the combined product of basinal subsidence or uplift and eustatic 

changes (Hunt & Tucker, 1992). Modern, coastal areas with active tectonism 

experience typically a combined tectonic and compactional subsidence with subsidence 

rates of 17mm/year along the Louisiana coast (Dokka, 2006), 5mm/year in Venice 

(Teatini et al., 2011) and 8mm/year at Jakarta (Sarah & Soebowo, 2018). Hence, 

tectonic and compactional subsidence combined with eustasy gives the modern day 

relative sea-level rise that certain areas experience. 

Tectonic forces have commonly been assumed to act on long timescales of >1 Myr 

whereas climatic forces act on >100Kyr (Posamentier & Allen, 1988). More recent 

studies (Gawthorpe et al., 1994; Catuneanu, 2002; Davis & Gibling, 2003) suggest that 

the tectonic subsidence can act on shorter timescale less than 1 Myr. In this way the 

timescale of the tectonic process may become closer towards the timescale of both 

eustatic cyclicity and the climatic cyclicity and mask the signal of the most dominating 

allogenic force. However, as cyclicity forms mainly at two different time scales 
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(100Kyr and at Myr) it is likely that the two different time scales require two different 

generating mechanisms. 

The Book Cliffs of Utah and Colorado within the Cretaceous Sevier foreland basin 

became (and still is) the prime field location to demonstrate sequence stratigraphy with 

eustatic control of the sedimentary sequences (Van Wagoner, 1995). This was followed 

up with papers arguing for climatic glacio-eustatic control of these Cretaceous 

sequences in the foreland basin (Plint & Kreitner, 2007; Chen et al., 2015). Van 

Wagoner`s (1995) interpretations of the Book Cliff sequences were boldly challenged 

by Yoshida et al., (1996) who instead inferred a tectonic control of foreland basin strata 

as the foreland basin was formed by repeated thrusting during deposition of the strata 

on comparable timescales as defined by the sequences. From this, two schools of 

thoughts formed in the debate of eustatic (Van Wagoner, 1995; Van Wagoner, 1998; 

Plint & Kreitner, 2007; Hampson, 2000; Chen et al., 2015) versus tectonic (Yoshida et 

al., 1996; Liu & Nummedal., 2004; Fielding, 2011) control of the sedimentary 

sequences of the Book Cliffs and the debate is still ongoing (Fielding, 2011). The study 

of Yoshida et al., (1996) is one of many papers of that time that illustrate the change 

from the habit of having eustasy as the allocyclic control towards documenting a 

tectonic impact on the sedimentary infill on basin scale. The allogenic control of 

sequences of the Cretaceous Book Cliffs remains an open question as both climate-

eustasy and tectonism may act on same timescale (Aschoff & Steel, 2011).  

Within the debate on the causes of the cyclic sedimentary stacking pattern and the 

popularity of using eustasy as an explanation for the stratal cyclic pattern, the effects 

of climate became a natural component in the discussion and highlighted the sediment 

supply aspect (Steckler et al., 1993; Helland-Hansen & Gjelberg, 1994). Climate, in 

terms of temperature and precipitation (along with tectonic relief), has a clear influence 

on the erosion of the sediment source area and the sediment input to the receiving 

basins (Syvitski & Milliman, 2007). Assuming a constant subsidence rate, the 

prograding and retrograding stratal packages can be interpreted as variation in sediment 

influx, controlled by wetter (progradation) and drier (retrogradation) climate (Van 

Houten, 1974; Simpson & Castelltort, 2012). Climate has in addition an impact on the 
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depositional systems as it exerts a major control on organic productivity, where wet 

climate promotes vegetation and peat-formation and dryer climate promotes 

evaporites. Further, in fluvial systems vegetation cover is important as the sediment 

yield broadly varies inversely with vegetation covers (Abbink et al., 2004). 

These considerations became important when the sequence stratigraphic method was 

also used for accumulation of continental strata. In order to adapt to the eustasy-driven 

sequence stratigraphic model of the coastal areas, the concept of base-level (Sloss, 

1963; Wheeler, 1964) was brought forward (Shanley & McCabe, 1994) to describe the 

preservation of deposits. Base-level changes were formulated as the interplay between 

accommodation and sediment supply (Schlager, 1993; Folkestad & Steel, 2001) 

(Paper 1). The sedimentary stacking pattern (and its preservation) can be described by 

these two parameters in all depositional environments as they are not tied to a specific 

allocyclic process. Within the continental depositional environment, it was common 

for sequence stratigraphic models to acknowledge the influence of tectonism and 

climate as important allogenic drivers as well (Shanley & McCabe, 1994; Carroll & 

Bohacs, 1999). 

When moving from basin-wide scale (>100 km) to intra-basinal scale (>1 km), the 

sedimentary response to fault activity and rifting gives local variation in the 

accommodation space. This can be recognized by stratal thickness differences observed 

in seismic, in well-correlations and in lateral difference in the style of the depositional 

environment. Prosser (1993), Nøttvedt et al., (1995), Færseth & Ravnås (1998), 

Gawthorpe & Leeder (2000) and Folkestad et al., (2014) (Paper 4) provide a list of 

generic key-points to identify the different stages during the development a rift. Using 

the thickness distribution of sedimentary units and shape of the stratal package (given 

a relative homogenous lithology) this can be arranged according to a pre- to syn-rift 

stage as: 

• Proto-rift stage: Tabular units are un-affected by fault movements but can have variable 

thicknesses from fault block to fault block, indicative of differential subsidence or sag 

with minor fault-movements. 
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• Rift-initiation: Fault movements creates depressions at the down-faulted side which 

acts as local depositional centers. A scattered distribution of these fault-induced 

depressions indicates rift initiation. This is associated with fault propagation and 

linkage, initial wedge-shaped strata and initial footwall flexing. 

• Main rift stage: Wedge-shaped stratal units represents the main syn-rift phase and are 

formed during rotation of fault blocks, experiencing lithospheric extension. This stage 

includes increased fault linkage, fault-death and footwall flexing. The growth strata 

can occur as thickening of layers or with adding of layers. Expanded growth-strata at 

the fault plane indicates the rate of fault-movement. Emerged fault block crest may 

occur. 

• Late rift stage and into the post rift stage: Reduced block-rotation and emerged fault 

block crest occurs which can be exposed to erosion giving tilted strata cut by an 

angular-discordance at the top, subsequent submerged fault-block crests. 

 

The infill of rift basins is the product of the interplay between subsidence-rate, climate, 

sediment supply and eustasy (Leeder & Gawthorpe, 1987). It can be challenging to 

separate potential climatic induced sea-level rise from rift-induced subsidence, whereas 

the term ´accommodation space´, and its companion sediment supply factor (Schlager, 

1993), can describe the infill in temporal and spatial terms. The sediment supply is the 

product of the climate, tectonics and the exhumed hinterland physiography, lithology 

and drainage pattern. The ratio between accommodation space generation (A) and the 

rate and volume of sediment supply (S), shortened to A/S ratio, can be applied beyond 

the reach of the sea-level fluctuations in the continental environment and even be 

applied to aeolian deposits.  

According to Nøttvedt et al., (1995) and Ravnås et al., (2000), rift-basins can further 

be divided into three types based on the subsidence rate (accommodation space) versus 

the sediment supply as:  

• overfilled (A<S) where the sedimentary system is dominantly regressive and can build 

into adjacent basins 

• balanced (A=S) where both factors are near equal and gives a vertical stack of strata 

• underfilled (A>S) where the sedimentary system is dominantly transgressive, and the 

rift basin becomes drowned 
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The A/S ratio will vary within a sedimentary basin and maybe most interestingly, in a 

proximal to distal profile where regressive units will differ from transgressive units, 

both spatially and volumetrically. This is best described with the concept of sediment 

partitioning (Cant, 1995) within sequence stratigraphy which dictates that a regressive 

unit will have its thickest part basinward whereas the companion transgressive unit will 

become thickest landward (Fig. 5). The behavior of a deltaic to estuarine sequence can 

illustrate the effects of sediment partitioning (Fig. 5). The deltaic unit builds out 

basinward during regression due to a higher sediment supply versus accommodation 

space. As the delta builds out, it faces more accommodation space and at some point, 

the budget of sediment supply becomes exhausted and regression ceases. The shape of 

the regressive unit is thin landward due to limited accommodation space, thickest 

basinward, and thin in the very distal part due to lack of sediment supply in that 

location. The transgressive unit above will experience added accommodation space 

landward during transgression and thereby thicken landward whereas the distal part 

will experience sediment starvation. Hence, the regressive and transgressive units are 

skewed oppositely within a sequence in terms of shapes (Fig. 5). This feature is 

demonstrated within the sequences with deltaic-estuary couplets in the Hugin 

Formation (Folkestad & Satur, 2008) (Paper 5), in the Iles Formation in the Western 

Interior Seaway (Gomez & Steel, 2010) and within the shallow-marine clinothems of 

the Battfjellet Formation Spitsbergen (Folkestad et al., 2015, Appen. 3). The regressive 

unit commonly differ from the transgressive unit in terms of depositional environment 

and reservoir properties. 
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Figure 5. The concept of sediment partitioning. The regressive unit thins landward due to lack 
of accommodation space and thickens basinward. The distal part of the regressive unit thins 
and pinch-out due to lack of sediment supply at that location. The transgressive unit 
experiences added accommodation space landward during transgression and trap the 
supplied sediments there. Distally, the transgressive unit thins due to sediment starvation. 
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4. Introduction to the papers of this dissertation 

This dissertation is built around 5 papers published in international journals and 

supported by 4 abstracts of presentations given at the American Association of 

Petroleum Geologist Annual Meetings. All papers and abstracts have been peer-

reviewed. The data-types of these papers range from outcrops, cored material, wireline 

and image logs, biostratigraphy, seismic reflection data and petrography. Below, an 

introduction to each paper is given with focus on: 

• purpose of the study  

• key findings assigned to one of the themes 

• relevance for other areas or stratigraphic units 

 

The abstracts are referred to in connection to relevant key findings in the papers. The 

papers are organized in a geologic chronological order which illustrate the concept of 

geological inheritance. 
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4.1 Paper 1 

Folkestad, A. & Steel, R. J. 2001. The alluvial cyclicity in Hornelen basin (Devonian 

Western Norway) revisited: a multiparameter sedimentary analysis and stratigraphic 

implications. Norwegian Petroleum Society Special Publications, 10, 39-50. 

The purpose of this study was to apply the sequence stratigraphic methodology to strata 

in a continental basin. The continental realm lacks eustatic sea-level control and 

therefore Shanley & McCabe (1994) suggested to use the concept of base-level 

(Wheeler, 1964) as the sum of the allogenic forces in continental strata. Base-level 

changes reflect the interplay between accommodation space generation and sediment 

supply. These two parameters are often used to describe sequence stratigraphic models 

in the shallow-marine environment (Helland-Hansen & Gjelberg, 1994) and in this way 

create the link into the continental sequence stratigraphic application (Shanley & 

McCabe, 1994). 

The alluvial and fluvial Devonian Hornelen Basin on the west-coast of Norway (Fig. 1) 

was formed as a post-Caledonian collapse or pull-apart basin bound by a low-angle 

detachment zone related to the Caledonian Nordfjord-Sogn lineament (Fig. 2). The 

basin has a 25 km stratigraphic infill organized in about 200 upward-coarsening to 

fining cyclothems formed from repeated movements on the basin-bounding low-angle 

detachment fault. The large stratigraphic thickness and the numerous cyclothems 

illustrates a basinal setting with high accommodation and high sediment supply within 

each cyclothem, which is typical for pull-apart basins (Hempton & Dunne, 1984). The 

Hornelen Basin was regarded as a suitable place to interpret changing accommodation 

space versus sediment supply rate (A/S ratio) through the cyclothems and in this way 

establish a sequence stratigraphic framework. Besides interpretation of facies and 

facies successions, the changes in A/S ratio were interpreted from quantification of 

multiple sedimentary parameters which divided each cyclothem into a four-fold A/S 

ratio system. 

This paper points out that the previous papers on the Hornelen Basin had been mainly 

concerned with understanding the facies and facies successions of the basin (Steel et 
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al., 1977). Folkestad & Steel (2001) (Paper 1) added a stratigraphic framework of each 

cyclothem on a more basinal scale, and thus shifted focus towards sequence 

stratigraphy in a continental setting (Theme 2). The tectonic impact on the sedimentary 

infill is obvious and the most likely interpretation for the cyclic nature is repeated 

stress-release and slip on the basin-bounding faults (Theme 1). The faults at the basin 

margin were part of the larger strike-slip system that formed and controlled the 

Devonian basins within the Scotland, North Sea to Norway transect (Coward, 1993) 

(Fig. 2). An anti-model would be to regard the subsidence as constant with fluctuating 

sediment supply. Anderson & Cross (2001) suggested a combined climatic and tectonic 

control of the sedimentary infill of the Devonian Hornelen Basin without being specific 

of which parameter was mainly responsible for the cyclicity. 

The northern North Sea basins rest on a Caledonian crust that probably have Devonian 

pull-apart basins imprinted on to it (Beach, 1985). These offshore basins may have a 

similar sedimentary infill-style as described in this paper. It is worth mentioning that 

the bounding-faults of the Hornelen Basin are part of the system of the Caledonian 

lineaments cutting across the North Sea from Norway and into Scotland. These 

lineaments are measured to be in the order of 100 km`s of lateral movements (Fossen 

et al., 2016). 
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4.2 Paper 2 

Orre, L.T.E. & Folkestad A. 2019. Depositional environments of the Early to Middle 

Triassic Northern North Sea in a syn-rift to a post-rift setting. Geological Society, 

London, Special Publications, 64. pp 21.  

The Early to Middle Triassic represents an interesting and poorly documented epoch 

in the evolution of the northern North Sea sedimentary basin. This period was strongly 

influenced by the break-up of Pangaea and the associated Artic rift system that entered 

the North Sea Basin and initiated the Permo-Triassic rift phase. This study documents 

the sedimentary infill of rotated fault blocks during syn-rift (Early Triassic) and the 

start of the inter-rift (Middle Triassic) (Theme 2). The aeolian deposits are restricted 

to the elevated footwall highs above the lake level, formed in response to the interplay 

between rifting and sedimentation in the North Sea Basin (Theme 3). This paper 

suggests that the aeolian deposits came into existence at the change from syn- to 

post/inter-rift stage with elevated and drained fault ridges that allowed aeolian dunes 

to form at those locations. The aeolian deposits are interpreted as loess due to their 

massive character and the results of the petrographic analysis. In this case, the wind 

strength creates the accommodation space for the aeolian sands and provides the 

sediment flux (Theme 2).   

The paper suggests that the Devonian pull-apart basins in the northern North Sea 

(Beach, 1985) became reactivated during the Permo-Triassic rift phase. Reactivation 

of these tectonic features occurred again in the Middle to Late Jurassic rift phase, which 

would explain the structural features as curved ridges seen in Jurassic seismic maps 

(Fraser et al., 2003) (Fig. 2) in the northern North Sea. Further, this adds to the 

understanding of the subsidence pattern in the northern North Sea in Mesozoic time 

and forms the link between the Devonian sedimentary basins and the Triassic and 

Jurassic sedimentary basins (Theme 1). The paper solved an old problem with the 

enigmatic depositional environment of the Lomvi Formation. This formation has been 

termed as `cryptic aeolian` by McKie & Williams (2009) whereas this paper 

demonstrates that these sandstones are loess. 



 57 

4.3 Paper 3:  

Folkestad, A., Veselovsky, Z., Roberts, P. 2012. Utilising borehole image logs to 

interpret delta to estuarine system: a case study of the subsurface Lower Jurassic Cook 

Formation in the Norwegian northern North Sea; Marine and Petroleum Geology, 29, 

255-275. 

The Cook Formation belongs to the Early Jurassic Dunlin Group and is a secondary 

reservoir in the northern North Sea. This formation was analyzed in the Kvitebjørn and 

Valemon fields (Fig. 1) to establish a sedimentological model, as input for a reservoir 

model, using a limited sedimentological subsurface database of cored material and 

electrical image logs. The image logs (also known as dip-meter logs) can be used in 

sedimentological interpretation if structural tilt of the strata has been removed 

correctly. Image logging in wells is often performed if coring is difficult or too 

expensive. This log-type, therefore, acts as a substitute for core-data. The resolution of 

these logs is down to 5mm which gives a coarser view of the sedimentary strata 

compared to core material. When this paper was published, papers on sedimentological 

interpretations of image logs were scarce and a workflow for sedimentological 

interpretation of these data was lacking. This paper presents a novel method in 

describing and interpreting sedimentary strata from image logs in an objective manner 

designed to avoid over-interpreting of the sedimentary strata. This paper is often 

referred to in other papers focusing on sedimentological interpretation of image logs 

and the paper is partly reprinted in Pyrcz & Deutsch (2014) book on Geostatistical 

Reservoir Modeling. 

In the study area, the Cook Formation is analyzed using cores and image logs and 

interpreted as a tidal deltaic unit succeeded by a wave-dominated estuary above. The 

formation shows a westward thickening as an asymmetrical stratal wedge, which 

documents syn-sedimentary fault activity. Based on a regional interpretation of the 

Cook Formation as a wave-dominated deltaic coastline (Dreyer & Wiig, 1995; 

Charnock et al., 2001), a seaward barrier attached to a footwall high of this fault is 

inferred (Theme 3). The inferred barrier shielded the interpreted tidal delta in the study 
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area from the otherwise wave-dominated shoreline of the Cook Formation as 

interpreted by Dreyer & Wiig (1995) and Charnock et al., (2001). Apart from the syn-

sedimentary aspect, the fault activity and the asymmetrical stratal wedge of the Cook 

Formation contribute to the debate whether the Early Jurassic in the northern North Sea 

represents a post-rift phase (Charnock et al., 2001) or an inter-rift phase (Ravnås et al., 

2000) (Theme 2). Comparably, the time equivalent and transgressive Stø Formation 

(Hess et al., 2014) in the Hammerfest Basin (Barents Sea) was deposited as an estuary 

system in a fault-induced depression (Folkestad et al., 2005, Appen. 1a; Folkestad, 

2008; Appen. 1c) which suggest that the Norwegian shelf experienced some tectonic 

activity in the Early Jurassic.  
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4.4 Paper 4:  

Folkestad, A., Odinsen T. H. Fossen, Pearce, M.A. 2014. Tectonic influence on the 

Jurassic sedimentary architecture in the northern North Sea with focus on the Brent 

Group. International Association of Sedimentologists. Special Publication, 46, 389–

416. 

The Brent Group has been described and interpreted in numerous papers from the 

1980`s and onwards. Simultaneously, the sequence stratigraphic method became 

popular and this influenced the interpretation of the Brent Group (see Van Wagoner et 

al., 1993). The paper of Helland-Hansen et al., (1992) interpreted the Brent Group to 

be deposited prior to the Middle-Late Jurassic rift-phase and the sequences of the Brent 

Group were controlled by eustatic fluctuations without any tectonic influence. This 

interpretation prevailed in several papers (e.g. Hampson et al., 2004, Bullimore & 

Helland-Hansen, 2009; Went et al., 2013) in which the Jurassic rift-phase was ascribed 

to the Late Jurassic associated with deposition of the mudstones of the Heather and 

Draupne formations (Fig. 4). 

The postulated tabular nature of the Brent Group from the sequence stratigraphic-

focused papers was not seen in east-west well correlations within the Brent Group in 

the Kvitebjørn and Gullfaks area (Fig. 1). Paper 4 shows several well correlations 

orientated perpendicular to the former Permo-Triassic fault blocks. The correlations 

display clear asymmetric stratal wedges in the Brent Group within the Ness-Tarbert 

formation succession. These findings demonstrate the initiation of the Middle-Late 

Jurassic rift-phase within the Brent Group in the northern North Sea (Theme 2). The 

results contrast the previous papers on the Brent Group (Helland-Hansen, 1992; 

Hampson et al., 2004; Bullimore & Helland-Hansen, 2009), who interpreted the Brent 

Group as being part of the post-rift phase (after the Permo-Triassic rift phase) and 

controlled by eustatic changes or relative sea-level (if basinwide tectonic subsidence is 

inferred) (Theme 1). 

The paper demonstrates the rift initiation phase with the development of local 

depressions filled with stacked tidal bars and wedge-shaped stratal units of the Brent 
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Group. The units display both lithological variations and facies segregation and reveal 

an undulating coastline defined by the underlying Permo-Triassic fault-blocks. The 

paper illustrates how the reactivation of the Artic rift zone in the Middle Jurassic 

contributed to surplus accommodation space, which led to a southward retreat of the 

Ness-Tarbert formations in the Viking Graben with estuaries in the hangingwall and 

spit deposits along the footwall high of rotated fault blocks (Theme 3). The paper 

points out that the Ness-Tarbert formations are equivalent to the Sleipner - Hugin 

formations in the South Viking Graben (Fig. 4) and is a continuation of the Middle-

Late Jurassic rift propagation southwards through time (Fraser et al., 2003) (Fig. 2). 

The South Viking Graben experienced rifting with rotation of fault blocks during 

deposition of the Hugin Formation in Middle-Upper Jurassic time (Folkestad et al., 

2012b; Appen. 2) with estuaries in the hangingwalls and wave-reworked strata as spits 

at the footwall highs. 

 

 



 109 

4.5 Paper 5:  

Folkestad, A. & Satur, N. 2008. Regressive and transgressive cycles in a rift-basin: 

depositional model and sedimentary partitioning of the Middle Jurassic Hugin 

Formation, Southern Viking Graben, North Sea. Sedimentary Geology, 207, 1-21. 

This paper proposes a sequence stratigraphic model of the Hugin Formation in the 

South Viking Graben (Fig. 2). The study was finally used as input to the reservoir 

model for production purposes at the Sleipner Field. The sequences are stacked in a 

retrogradational manner due to the drowning of the basin caused by rifting at that time 

(Fraser, et al., 2003; see also Folkestad et al., 2012b, Appen. 2) (Theme 1). Well-

correlations show sedimentary wedges illustrating the tectonic influence and syn-

sedimentary tectonic characteristics of this formation. 

In addition to the deltaic to estuarine depositional environments identified in this paper, 

it is probably one of the first papers to demonstrate the concept of sedimentary 

partitioning (within sequence stratigraphy) in a subsurface study (see Steel & Milliken, 

2013) (Theme 2). The sequences were interpreted to consist of alternating highstand 

and transgressive system tracts without the lowstand or forced regressive system tracts. 

This differ from the study of Hampson et al., (2009) of the same formation, who 

interpreted the deltaic or regressive units to include forced regression. 

The transgressive unit of the sequences is well-developed with a similar thickness to 

the adhering regressive unit. This differ from the tendency within sequence 

stratigraphic models where the transgressive unit is portrayed just as a surface 

(Hampson et al 2004; Bullimore & Helland-Hansen 2009; Kiefts et al., 2010; Went et 

al., 2013). Instead, the transgressive and the regressive units within a sequence show a 

skewed distribution with the regressive unit thickening towards the basin and the 

transgressive unit thickening towards land (Fig. 5), illustrating the concept of 

sedimentary partitioning. Similar, skewed thickness patterns of deltaic and estuary 

units within sequences illustrating sedimentary partitioning, are identified in the 

shallow-marine part of the clinoforms in the Battfjellet Formation, Spitsbergen 

(Folkestad et al., 2015; Appen. 3). The clinoforms of the Battfjellet Formation 
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developed in a foreland basin with an active thrust belt nearby shedding sediments into 

the basin. 

The stack of the deltaic and estuary sequences with the internal skewed thicknesses in 

the Hugin Formation, is shown in a north-south correlation panel (Fig. 8 in Paper 5) 

running along the strike of the footwall high of a major fault-block. This illustrates that 

sequence stratigraphy can be performed along dip-orientated sections in a syn-rift 

basin. However, on basin-scale it is challenging or not possible to trace regional 

surfaces across the basin as the rate of block rotation will be different from block to 

block, i.e. different rates of accommodation space generation. An early version of this 

study is published in the Millennium Atlas (Husmo et al., 2003). 
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5. Synthesis 

The synthesis is organized into three themes, based on the findings in the five papers 

and the supporting abstracts. The papers and abstracts report different examples within 

the themes which strengthens the mutual interpretations and illustrates the diversity 

within these themes. In addition to the key-findings, each theme is discussed in terms 

of: 

• the geological setting and evolution of the sedimentary basins 

• the development of sedimentary models 

• with reference to modern examples 

 

The discussion of the three themes is followed by a section focusing on the broader 

perspective and applicability to other areas. 

5.1 Theme 1) Allogenic forces in the basin: tectonics - 
climatic- eustatic controls 

5.1.1 Tectonics 

The northern North Sea had a complex tectonic history and illustrates the concept of 

geological inheritance concerning the building of post-Caledonian sedimentary basins 

on top of a terrane with many older faults and lineaments. The Devonian basins are 

linked to the Mesozoic sedimentary basins and rift-phases and affected the younger 

sedimentary basins by their shape and perhaps also the infill style. 

The Devonian Hornelen Basin has been termed a pull-apart basin (Steel, 1976; Blair & 

Bilodeau, 1988; Titus et al., 2002) or an extensional basin (Seguret et al., 1989; Fossen 

et al., 2016) or extensional-collapse basin (Steel, 1988). This basin formed after the 

Caledonian Orogenesis due to post-thrusting collapse of overthickened crust, together 

with other pull-apart basins within the Caledonian realm. Pull-apart basins are typically 

formed along major strike-slip faults (Mann et al., 1983) as with the Devonian basins 

on the west-coast of Norway. They formed due to strike-slip movements on the 

Caledonian lineaments cutting across the northern North Sea (Fig. 2), where these 



 131 

lineaments had a lateral movement in the order of 100 km in Devonian time (Fossen et 

al., 2016). A modern example of the Hornelen Basin is the Death Valley pull-apart 

basin in California with extensive alluvial infill. This basin was formed due to lateral 

movement of the bounding strike-slip fault in the range of 40-100 km displacement 

(Stewart, 1983).  

These Devonian pull-apart basins became imprinted onto the Caledonian basement 

(Beach, 1985) and defines the initial fault-system of the northern North Sea. This had 

a great impact on the development of the following sedimentary basins where Beach 

(1985) and Coward (1993) suggested that these Devonian pull-apart basins later 

became reactivated along old basement shear zones by renewed extensional phases as 

the Permo-Triassic and Middle-Upper Jurassic rift phases. Odinsen et al., (2000) 

demonstrated various extension rates within the Mesozoic basins of the northern North 

Sea and a supporting observation of variable tectonic activity of the northern North Sea 

in the Mesozoic is indirectly suggested by Larsen et al., (2003) from onshore data. This 

aligns with the interpretation of Færseth & Ravnås (1998) who interpreted the 

Mesozoic of the northern North Sea to be tectonic active but with variable intensity 

through this period. The variable tectonic activity is exemplified by the Mesozoic 

papers within this dissertation. 

Orre & Folkestad (2019) (Paper 2) proposed that the Permo-Triassic rift axis, located 

under the Horda Platform (Færseth, 1996) (Fig. 2), consists of two pull-apart basins of 

probably Devonian origin and that the former Devonian pull-apart basins under 

Tampen Spur became reactivated during the Jurassic extensional phases. This 

suggestion follows Coward (1995) who interpreted the Viking Graben to reflect 

reactivation of a Devonian fracture system. This aligns with the interpretation of Dorè 

et al., (1997) who described how the Caledonian basement fault system (Devonian) 

became reactivated and modified in Mesozoic and formed, for example, the Early 

Jurassic Seaway (Dorè et al., 1997). Thus, the Mesozoic sedimentary basins of the 

northern North Sea are related to the older Devonian basins through reactivation of 

faults and modification in rift-phases. This give testimony to the concept of geological 
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inheritance and the dominance of the allogenic tectonically force controlling the 

Mesozoic sedimentary basins.  

 

5.1.2 Climate 

Climate has a strong impact on the Earth’s surface and modulates mountain building, 

ocean circulations, greenhouse gases, where expanding and contracting ice-caps occur 

in ice-house and green-house periods, respectively. Climate`s impact is reflected by 

variations in temperature and precipitation (along with tectonic relief) which influence 

the magnitude of erosion of the sediment source area and the sediment input to the 

receiving basins (Syvitski & Milliman, 2007). The climatic influence is relevant for all 

the examples used in this dissertation but appears to be of secondary order in terms of 

allogenic control. 

The break-up of the super-continent Pangaea in the Permo-Triassic was the cause of 

the Early-Middle Triassic rifting in the northern North Sea. This tectonic event gave a 

dominant tectonic control on the development of the sedimentary basin during 

deposition of the Teist and Lomvi formations (Orre & Folkestad, 2019) (Paper 2). 

However, the tectonics induced a secondary climatic effect with strong winds directed 

along the axis of the rift graben (north-south) during this rift phase (Mader & Peryt, 

1995). It is likely that the rift topography amplified the winds within the grabens as 

inferred from the aeolian deposits of the Lomvi Formation with fine grain-size, 

indicating strong winds in order to keep the grains in saltation. It is interesting to view 

the aeolian deposits in terms of accommodation space as the wind-strength defines how 

much can be preserved. This deviate from the common notion that accommodation 

space in continental environments is defined by the lake level (Shanley & McCabe, 

1994). The other climatic allogenic effect within the Triassic, as suggested by Orre & 

Folkestad (2019) (Paper 2), is the uplift of the basin margins. This triggered a 

monsoonal system in the Triassic that both eroded the mountain range of Norway (and 

Scotland) and produced the enormous amount of sediments that filled in the basins in 

the North Sea. The stacked alternation of fluvial channels capped by muddy redbeds of 
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the Lunde Formation (Nystuen et al., 1989) illustrates the monsoonal effect on the 

Triassic deposits with alternating phases of fluvial input followed by draught. This 

shows that the Triassic period in the northern North Sea experienced a strong climatic 

allogenic control that was secondary to the tectonic allogenic force which induced the 

climatic effect in the first place.  

Sediment supply is itself not an allogenic force but variation in the supply is sometimes 

interpreted as controlled by climate (Leeder et al., 1998) where high sediment yield is 

typical for greenhouse conditions (Carvajal et al., 2009). The Triassic Lunde Formation 

in the northern North Sea show a likely monsoonal effect in the sedimentary strata 

(Orre & Folkestad, 2019) (Paper 2), but the Triassic succession is mainly controlled by 

tectonic subsidence. The Jurassic sedimentary units of the northern North Sea, such as 

the Cook Formation, Brent Group and the Hugin Formation, built out in the basins due 

to basin-margin (relative) uplift. Any climatic differences within these units where 

probably suppressed by the basinal subsidence rate, but variation in the rate of sediment 

supply came probably from differences in rates of basin margin uplift, changes in 

precipitation, drainage routes and lithological differences in the exhumed rocks.  

 

5.1.3 Eustasy 

The third allogenic force to be considered for the Mesozoic sedimentary basin in the 

northern North Sea is eustasy. The Quaternary and Pliocene are known for their 

oscillating sea-level linked to glacial cycles (Shackleton, 1987; Rovere et al., 2016) 

with the glacio-eustatic cycles typically on the order of 60-120Kyr. 

Eustasy is not relevant for the Triassic package of the northern North Sea but eustatic 

cyclicity has been suggested as an allogenic force in the Jurassic package, especially 

for the Brent Group (Helland-Hansen et al., 1992; Van Wagner et al., 1993; Hampson, 

2004; Hampson et al., 2009) based on the widely used global sea-level curve of Haq et 

al., (1987). The global sea level curve of Haq et al., (1987) was questioned by Underhill 

& Partington (1994) who pointed out contradictions in the database of the study of Haq 

et al., (1987). The geological type-section for the Aalenian time-period in Germany, 
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shows a deepening trend of the basin while Haq et al., (1987) show a sea-level fall for 

the same time-period. Moreover, as the Jurassic period lacked ice-caps at the polar 

regions (Ravnås et al., 2000; Nøttvedt et al., 2008; Gomez et al., 2016), an eustatic 

cyclicity as suggested by Haq et al., (1987) is difficult to argue for this period. 

Another contradicting observation regarding an eustatic control is the progradation of 

the extensive Sognefjord Formation `Delta` on the Horda Platform in Oxfordian 

(Dreyer et al., 2005) that occurred while the Hugin Formation retreated in the South 

Viking Graben (pers. com. Erik P. Johannessen, 2019). These two contemporary 

formations would in terms of eustasy represent sea-level fall or stillstand and sea-level 

rise, respectively. However, the Jurassic showed an oscillation in temperature of the 

sea in Europe with cooling in Pliensbachian and a marked warming in Toarcian 

(Gomez et al., 2016) which is connected to the Toarcian Anoxic event (Bailey et al., 

2003). A variable sea temperature in the Jurassic suggest both expansion and 

contraction of the sea volume which probably gave some eustatic variation but of minor 

or negligible magnitude.  

Haq (2017) presented a revised global sea-level model arguing for Jurassic eustatic 

changes related to orbital eccentricity and not to glacial ice-sheet variations. Eustasy 

may have had some influence in the Jurassic in North West Europe but even in 

tectonically stable basins as in the Jurassic Paris Basin with carbonate platforms, it is 

difficult to separate eustasy from tectonism (Brigaud et al., 2014). Eustasy is probably 

of less relevance as an allogenic force for the Mesozoic sedimentary basins of the 

northern North Sea as variation of eustasy would be suppressed by the tectonism. 

 

5.1.4 Timescale 

There is commonly a marked difference in timescales of tectonic forces (>1 Myr) 

compared with the timescales of climate (>100Kyr). However, if they act on the same 

time-scale it can be difficult to assess which allogenic force is dominating in some 

basins. The Paleozoic and Mesozoic time periods in the northern North Sea was 

tectonically active with variable intensity (Ziegler, 1990; Dorè, 1991; Coward, 1993; 
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Færseth & Ravnås, 1998; Odinsen et al., 2000; Larsen et al., 2003; Fossen et al., 2016) 

where the time-scale of the tectonic force was probably also variable, including shorter 

timescales similar to typical climatic and eustatic timescales (>100Kyr). An example 

of this is shown in Folkestad & Satur (2008) (Paper 5) where the sequences of the 

Hugin Formation are on a timescale of <1Myr. With a probably low or insignificant 

eustatic control of the Jurassic northern North Sea (Underhill & Partington, 1994; 

Ravnås et al., 2000) the cyclicity of the Jurassic sedimentary strata is caused by 

tectonics whereas climate probably had a secondary influence.  

The allogenic control for the Devonian Hornelen pull-apart basin seems to be clearly 

related to tectonism as the basin had a high subsidence rate with about 25 km of 

stratigraphic infill, which is typical for pull-apart basins (Balance & Reading, 1980; 

Hempton & Dunne, 1984). The cyclic nature of the cyclothems may be the result of 

changing climate as suggested by Garner (1979) and by Anderson & Cross (2001), but 

it seems unlikely that climate should shift as regularly according to the ordered 

cyclicity of the basin. Milankovitch cycles cause regular climatic shifts, but it operates 

on 40Kyr which seems too short for the 200+ cyclothems of the Devonian basin. 

However, it is more likely that the cyclicity was caused by repeated stress-release and 

slip on the basin-bounding faults in repeated succession (Steel, 1988), creating renewed 

subsidence. Such repeated fault movements are common for pull-apart basins 

(Rodgers, 1980; van Wjik et al., 2017) and this was most likely the cause that formed 

the cyclicity of the Devonian Hornelen Basin. 

 

5.2 Theme 2) Basin-wide infill style, rift-stages and 
sequence- stratigraphic implications  

5.2.1 Infill style of the Devonian Hornelen basin  

The cyclothems of the Devonian Hornelen Basin stand out as near basin-wide tabular 

units in the middle to upper part of the stack of about 200 cyclothems (Steel et al., 

1977). The lower part of the stack of 200 cycles is covered and they are probably not 



 136 

tabular shaped as they filled in the initial basin topography. The cyclothems measured 

in Folkestad & Steel (2001) (Paper 1) belongs to the axial drainage system of the basin 

and show near-symmetrical A/S ratio cycles. This shows that the basin was a balanced 

rift basin type during deposition of the middle to upper cyclothems. Such an ordered 

arrangement of the cyclothems of the Hornelen Basin is probably unusual in the 

geological record. 

The rhythmic coarsening to fining upwards trends of the cyclothems from mudstones 

to coarse sandstones (Folkestad & Steel, 2001) (Paper 1) suggest an established 

drainage system feeding into the basin. The basin had internally a broad axial fluvial 

distribution system. The cyclothems were formed by repeated stress-release of the 

basin-bounding faults giving added accommodation space and a relative uplift of the 

hinterland leading to rejuvenation of the drainage system. This resulted in increased 

sediment supply that was tuned to a near-balance with the added accommodation space 

which makes this basin unique in the world. Extensional basins show typically 

progradation of clastic wedges during tectonic quiescence whereas retrogradation 

occurs due to faulting and subsidence (Frostick & Steel, 1993). This suggest that the 

rhythmic progradation and retrogradation of the cyclothems of the Hornelen Basin 

reflects tectonic quiescence and fault movement respectively. 

 

5.2.2 Middle Triassic to Early Jurassic: Post-rift or inter-rift 

The period between the Permo-Triassic rift (syn-rift phase in Early Triassic) and the 

Middle-Late Jurassic rift phase in the northern North Sea has traditionally been 

regarded as a post-rift phase (Nøttvedt et al., 1995; McLeod et al., 2000; Hampson et 

al., 2004). This term dictates evenly thick, tabular stratal units without signs of growth 

strata as wedge-shaped units. An example of using a post-rift approach is shown in 

Ryseth (2000) who observed thickness differences of the same stratal unit from fault 

block to fault block in Middle Jurassic strata in the Oseberg area. Ryseth (2000) 

interpreted these observations as differential subsidence of each fault block but without 

block rotation in a general post-rift setting. 
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An opposing view was presented by Færseth & Ravnås (1998) who described minor 

extensional phases within this interval. Ravnås et al., (2000) suggested that this period 

should be termed an inter-rift phase (mild tectonic activity between the rift-phases). 

This aligns with Ziegler (1990) who described the Permo-Triassic rift phase to be 

followed by a less tectonically active period and with rifting intensifying in the Middle 

Jurassic. Hence, Ziegler (1990) implied some degree of fault-activity in the Middle 

Triassic to Early Jurassic interval. The same view has been stated in many studies such 

as Dorè et al., (1999) who suggested that this period experienced mild extensional 

tectonics resulting in the Early Jurassic Seaway. Furthermore, fault activity is 

documented in the Pliensbachian-Toarcian time at the Alwyn-Ninian-Hutton 

Alignment (Sawyer & Keegan, 1996), in the Statfjord and Gullfaks area (Roberts et al., 

1987) and in the Beryl Embayment (Richards, 1991). In the Triassic succession, 

Aamodt (2015) interpreted syn-sedimentary faulting within the upper part of the Lunde 

Formation (Late Triassic) and Triassic sedimentary wedges are indicated in Steel & 

Ryseth (1990). The findings in Folkestad et al., (2012a) (Paper 3) with fault movements 

and growth strata in the Early Jurassic Cook Formation aligns with the syn-sedimentary 

faulting within the Cook Formation as reported by Livbjerg & Mjøs (1989). 

These examples of syn-sedimentary faulting within the Middle Triassic to Early 

Jurassic support an inter-rift phase for this interval as argued by Færseth & Ravnås 

(1998) and Ravnås et al., (2000). Further, an inter-rift-phase in the Middle Triassic to 

Early Jurassic in the northern North Sea fits with the establishment of the Early Jurassic 

Seaway (Dorè et al., 1997) which was the precursor of the Viking Graben. This 

suggests that the late part of the Early Jurassic probably represented a proto-rift stage 

in the northern North Sea before the rift initiation within the Brent Group (Folkestad et 

al., 2014) (Paper 4). 

 

5.2.3 Rift stages in the Brent Group and Hugin Formation 

The Jurassic Brent Group experienced both rift initiation and syn-rift stage (Folkestad 

et al., 2014) (Paper 4) and show therefore subtle and varying infill-style. Prior to and 
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at the rift initiation, the wave-dominated Brent `Delta` prograded northward due to a 

sediment supply rate that exceeded the available accommodation space. Thus, the 

sedimentary basin of the Brent `Delta` represents an over-filled basin. In the early syn-

rift phase, the rotation of fault blocks generated sufficient accommodation space which 

led to a balance with the sediment supply. This balance between accommodation space 

and sediment supply, ended the progradation of the Brent `Delta`. Continued high rates 

of fault-induced subsidence, promoted transgression (Nøttvedt et al., 1995; Folkestad 

et al., 2014) (Paper 4) and a shoreline retreat of the Brent `Delta`. The accommodation 

space generation outpaced the sediment supply and thus the infill-style of the rift basin 

became underfilled. The transgressive nature of the underfilled basin gave a dominance 

of tidal depositional environments, as recorded in the Tarbert Formation (Folkestad et 

al., 2014) (Paper 4). This paper illustrates that the flooded hanging walls gave a funnel 

effect and thereby enhanced the tidal currents. Shallow-marine rift basins are 

commonly dominated by tidal deposits (Leckie & Rumpel, 2003) with an amplification 

of tidal currents (Reynaud & Dalrymple, 2012) as recorded in the Tarbert Formation. 

The rifting during deposition of the Brent Group led to a southward retreat of the 

Tarbert Formation within the Viking Graben from the North Viking Graben and about 

200 km south into the South Viking Graben (Fig. 2). In the South Viking Graben, the 

deposition of the Hugin Formation commenced in Late Bathonian (Husmo et al., 2003; 

Folkestad & Satur, 2008, Paper 5; Folkestad et al., 2012b, Appen. 2) and the Hugin 

Formation is the southern equivalent of the Tarbert Formation (Vollset & Dorè, 1984) 

(Fig. 4). The rapid retreat of the Tarbert Formation southward within the Viking Graben 

gave an underfilled rift basin where the generated accommodation space outpaced by 

far the rate of sediment supply. This indicates high subsidence rates due to rifting 

during the southward retreat of the Tarbert and Hugin formations.  

The Jurassic South Viking Graben is bounded to the south by the triple junction of the 

Viking Graben, Moray Firth and Central Graben (Ziegler, 1990; Underhill & 

Partington, 1994) (Fig. 2). In the South Viking Graben, the Hugin Formation 

(Callovian-Early Oxfordian) show a near vertical and slightly southwards stacking of 

the sequences (see Fig. 8 in Folkestad & Satur, 2008) (Paper 5) towards the end of the 
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graben. This stacking pattern indicates equal rates of accommodation space versus 

sediment supply which illustrates a balanced- to slightly underfilled- rift basin. Such a 

stacking pattern can be caused by a reduction in rift-intensity or by an increase in 

sediment supply. An increase in sediment supply may have occurred in the South 

Viking Graben as the western margin of the South Viking Graben experienced uplift 

and inversion in the Late Jurassic (Zanella & Coward, 2003). On the other hand, the 

rift-intensity may have decreased or died out in the Late Jurassic. The South Viking 

Graben is part of the triple junction (Underhill & Partington, 1994) and it is likely that 

the tectonic activity was transferred to the Moray Firth and Central Graben (Fig. 2). 

The Central Graben and Moray Firth graben systems appear more pronounced than the 

South Viking Graben in Late Jurassic, as shown in Fraser et al., (2003) (Fig. 2). This 

is probably related to the Jurassic northern North Sea rift became a failed rift (Rattey 

& Hayard, 1993). A marine connection between the South Viking Graben and the 

Moray Firth was established in the Late Oxfordian (Underhill & Partington, 1994) and 

marks the end of the southward retreat of the Hugin Formation. 

The Brent Group and the younger Hugin Formation represents three different infill 

styles that can form in a sedimentary basin experiencing rifting. The change in infill 

style is the result of the rift-initiation and increase in rift-intensity through time coupled 

with an initial large sediment supply. A modern example of the Middle-Late Jurassic 

rift in the northern North Sea is the Red Sea to Suez rift (Khalil & McClay, 2001) which 

also is a failed rift (Jackson et al., 2005). The Suez rift shows today rotated fault blocks 

flooded by the sea and with isolated footwall islands above the sea-level and represents 

an underfilled basin, similar to the final stage of the Brent Group (Folkestad et al., 

2014) (Paper 4). 

5.2.4 Sediment supply in under-filled rifts 

The sediment supply issue of the Middle-Late Jurassic Viking Graben rift basin has 

some interesting aspects. The balanced infill of the rift basin in the South Viking 

Graben, illustrated by the vertically stacked Hugin Formation in the Sleipner Field 

(Folkestad & Satur, 2008) (Paper 5), shows sequences of alternating deltas and 

estuaries where the deltas are fed from the hinterland. However, in the (older) 
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underfilled Viking Graben farther north in North Viking Graben (Fig. 2) (Folkestad et 

al., 2014) (Paper 4), the tidal-dominated Tarbert Formation was deposited under 

transgressive conditions. Longshore drift is a common sediment supply mechanism 

along wave-dominated coasts (Carvajal et al., 2009) and tidal systems typically erode 

in the coastal areas and transport sediment landward with tidal currents. This type of 

sediment supply mechanism of the transgressive system was demonstrated by Chang 

et al., (2006) in their study of the Holocene Wadden Zee (Netherland). Here, the bulk 

part of the sediments of the back-barrier or lagoonal environment, is fed from the North 

Sea. Hence, it is likely that a considerable part of the Tarbert Formation was sourced 

from coastal areas by tidal erosion with sands brought into the estuaries and dragged 

southwards within the Viking Graben by tidal currents. Such a sediment supply 

mechanism may explain the well-sorted and clean character of the Tarbert Formation 

(Folkestad et al., 2014) (Paper 4) as the tidal currents will sort and clean-up the eroded 

sand (Leva Lopez et al., 2016). This explanation can probably be applied to the 

transgressive Stø Formation in the Barents Sea being dominated by tidal facies 

(Folkestad et al., 2005, Appen. 1a; Hess et al., 2014) as one of the characters of the Stø 

Formation is the well-sorted and mature sandstones (Walderhaug & Bjørklund, 2003). 

The Tarbert Formation has commonly been interpreted as a shoreface depositional 

environment (Mjøs, 2009: Løseth et al., 2009) which stand in contrast to a tidal 

interpretation. This might be related to a tendency to interpret transgressive tidal 

deposits as shoreface (Devine, 1991). The identification of mud-drapes in cross-bedded 

sandstones are often used as the main criteria to interpret tidal sandstones. Tidal sands 

supplied from the coastal area lack river-supplied terrigenous sediments as suspended 

mud, which produce slack-water mud-drapes during tides. Hence, mud-drapes are not 

a common feature of mature and well-sorted tidal sandstones fed from shoreline 

erosion. 

The Tarbert Formation is about 70 m thick in the area of the Kvitebjørn-Gullfaks fields, 

whereas it is about 240 m thick in the Tune Field (Løseth et al., 2009) 75 km farther 

south in the North Viking Graben. The southward thickness increase of the Tarbert 

Formation indicates a higher rate of accommodation space and sediment supply to the 
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south. The increase in accommodation space can be explained by the accelerated rifting 

as the rift propagated southwards in the Middle Jurassic. If the increase in sediment 

supply was caused by a major graben axial feeder system, this would have given a 

thickening trend of the Tarbert and Hugin formations farther south in the South Viking 

Graben. However, such a thickening trend of the Tarbert and Hugin formations to the 

south is not recorded (Hampson et al., 2009). Instead, the sediment supply came most 

likely from the north within the North Viking Graben (Fig. 2) with tidal currents 

bringing in eroded sand from the coastal areas. The reduced amount of sand in the 

Tarbert-Hugin formations southwards (Hampson et al., 2009) is probably caused by 

the exhaustion of the sediment budget in the northern areas (NVG in Fig. 2). This can 

be summed up as underfilled shallow-marine rift basins favors tidal processes whereas 

overfilled basins have a tendency to be more dominated by wave or fluvial processes. 

A modern example of a tidal-dominated rift basin as discussed above, is the Gironde 

Estuary (Jouanne & Latoche, 1981; Allen, 1991). This estuary is fed from the 

Dordogne and Garonne rivers from the landside and from coastal erosion at the seaside 

fed into the inlet as well-sorted tidal sandstones (Allen, 1991. The estuary appears to 

be in a balanced infill mode as it has the typical tripartite sand-mud-sand distribution 

in the estuary (Allen, 1991). A different aspect of the sediment supply versus 

subsidence in modern depositional environments, is the effect of man-made river 

diversions. River diversion may reduce the sediment supply to the coastal area, as in 

estuaries, and thereby enhance coastal erosion with supply from the seaside into the 

estuaries to restore the balance of the sediment budget. The effects of man-made-river 

diversions can also be seen at the Louisiana coast. Here, the diversion of the Mississippi 

river by the Corps of Engineers deprives the region of New Orleans of yearly flood-

sediments that would have kept the floodplain at sea level (Kesel, 2003). Instead, the 

river-diversion contributes to the subsidence of the city of New Orleans by sediment-

starvation. A similar effect can be seen in Venice, Italy, with sediment-starvation of 

the lagoonal islands where the city is located. In the Nile Valley, the man-made river 

interference of the Nile threatens to drown the valley itself due to subsidence and 

sediment-starvation (Aly et al., 2009). 
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5.2.5 Sequence stratigraphy in rifts 

Sequence stratigraphic models are often shown as depositional dip oriented stratal 

sections whereas along-strike stratal sections are not demonstrated (Fielding, 2011). 

Stratal packages within shallow-marine rifts illustrate an interesting limitation of the 

sequence stratigraphic method, which may explain why they tend to be shown in dip-

section. An example is the study of the shallow-marine Nukhul Formation in the Suez 

rift of Jackson et al., (2005) showing sequence stratigraphic correlations constructed in 

a dip-direction within a fault block. 

In order to apply the sequence stratigraphic method to a sedimentary formation, it 

requires uniform subsidence within the basin as for example a shelf. A basin 

undergoing rifting with rotation of fault blocks creates an un-even distribution of 

accommodation space on local scale and therefore prevents sequence stratigraphy to 

be applied on basin-scale. However, it is possible to apply this method to individual 

rift blocks as demonstrated in Folkestad & Satur (2008) (Paper 5). Near uniform 

subsidence within a fault block exist at the footwall high or in the hanging wall in a 

dip-direction, whereas in a strike-direction the rotation of the fault block creates 

difference in accommodation space. During the rotation of a fault block, the footwall 

crest will be dominated by low accommodation whereas the hangingwall low will have 

high accommodation rates, which gives different facies expressions (Folkestad et al., 

2014) (Paper 4). In Folkestad & Satur (2008) (Paper 5) the Hugin Formation is 

interpreted along the footwall high of a fault block at the Sleipner Field. Here, the 

Hugin Formation is represented by a stack of deltaic and estuary couplets representing 

regressive and transgressive units that defines the sequence stratigraphic surfaces of 

maximum regression and transgression, respectively. The alternating stack of 

regressive and transgressive units may be related to tectonic activity and quiescence (in 

this case on shorter timescales than normal for tectonics) as progradation typical occurs 

during tectonic quiescence in extensional basin (Frostick & Steel, 1993). Figure 9 in 

Folkestad & Satur (2008) (Paper 5) indicates differences in generation of 

accommodation space between fault blocks, which illustrate the uncertainty in using 

the sequence stratigraphic surfaces regionally. However, it is possible to correlate 
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sequence stratigraphic surfaces in a strike-direction within a fault block as the A/S ratio 

can be used relatively. 

Folkestad & Satur (2008) (Paper 5) highlights the importance of identifying the 

transgressive unit as it is of volumetric significance, especially in a landward direction 

in a balanced infilled rift basin. By interpreting the transgressive phases as flooding 

surfaces, the recognition of the volumetrically transgressive strata can be missed out 

and instead be incorporated into the proximal strata of regressive units (Kieft et al., 

2010). In Folkestad & Satur (2008) (Paper 5) the transgressive and regressive units 

show a skewed thickness distribution in a sequence, where the transgressive units 

thicken landward and the regressive units thicken basinward. This illustrates the 

concept of sedimentary partitioning (Cant, 1995) within a sequence (Fig. 5) which 

describes where the locus of sedimentation occurs in a proximal-distal profile, defined 

by the accommodation space versus sediment supply. The skewed thickness pattern, 

where both the regressive and transgressive units are of somewhat similar magnitude, 

is probably a consequence of a balanced infilled rift basin. The regressive and 

transgressive units may have different reservoir properties that can be of importance to 

map out in subsurface studies. 

It appears to be a lack of papers addressing the sedimentary partitioning aspect in 

underfilled and overfilled rift basins. To speculate, an overfilled rift basin will have 

sediment supply exceeding the accommodation space generation and the regressive 

units will dominate volumetrically within the sequences. In an underfilled rift basin the 

opposite will probably occur with the transgressive unit being more pronounced 

volumetrically compared to the regressive unit. 

 

5.3 Theme 3) Intra-basinal fault induced depositional 
environments 

Uplift or subsidence as a response to extensional faulting results in spatial variations in 

generation of accommodation space and thereby induce differences, affecting the 
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depositional pattern. Examples of this kind of effect on the depositional environments 

are given in Papers 2-3-4. In Orre & Folkestad (2019) (Paper 2), the Triassic Lomvi 

Formation is interpreted as aeolian sandstones confined to the footwall highs at the end 

of the syn-rift phase. The syn-rift Teist Formation located below, consists of lake and 

playa deposits without aeolian deposits, suggesting that the footwall highs were 

submerged at that time. Increased syn-rift fault block rotation caused the fault block 

crests to be elevated above the lake-level and thereby, induced deposition of aeolian 

sandstones at the drained area. In the continental environments, it is common to regard 

the lake-level as the controlling surface with deposition below and erosion above 

(Posamentier & Allen, 1993). The characteristics of the aeolian deposits of the Lomvi 

Formation contradicts this model and suggest that the wind strength created the 

accommodation space for the aeolian deposits and controlled the sediment supply.  

In Folkestad et al., (2012a) (Paper 3), the Cook Formation show syn-sedimentary 

faulting during deposition of tidal deltas in the study area. A beach-barrier depositional 

environment is inferred to exists at the footwall high as part of a large shoreface 

dominated environment according to the interpretation of Dreyer & Wiig (1995). Such 

a barrier attached to the fault crest would have protected the tidal-dominated delta from 

wave-reworking given the interpretation of the larger Cook Formation depositional 

system presented by Dreyer & Wiig (1995) and Charnock et al., (2001). 

Dalrymple & Zaitlin (1994) interpreted estuaries to occur within incised valley that had 

been drowned by sea level rise and filled with tidal facies. Even though this 

interpretation has been popular among sedimentologists to assign to tidal facies, rift 

basins or fault-induced depressions offer the same setting with high rates of 

accommodation space versus sediment supply. Jackson et al., (2005) interpreted the 

Nukhul Formation in the Suez Rift as a tide-dominated formation formed due to the 

transgressive nature of the shallow-marine rift. This is a similar interpretation to both 

the Tarbert and Hugin formations (Folkestad & Satur, 2008, Paper 5; Folkestad et al., 

2014) (Paper 4) and in the study of Leckie & Rumpel (2003) on shallow-marine rift.  
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The Tarbert Formation in the Brent Group represents a subsurface example of fault-

induced depositional environment with estuaries formed in a syn-rift setting due to 

fault-block rotation with an increase in accommodation space in the hangingwall 

(Folkestad et al., 2014) (Paper 4). The Tarbert Formation experienced retrogradation 

of the shoreline due to rotating fault-blocks, with dominance of tidal currents due to 

the funnel-shape of the hangingwall part. This configuration caused an amplification 

of the tidal currents with deposition of tidal bars and estuarine facies. At the footwall 

high, wave-reworked strata interpreted as deposited in a spit-environment prevailed 

due to uplift of the fault crest and reduction in accommodation space. This facies 

distribution of the Tarbert Formation gave an undulating to almost a zig-zag pattern of 

a coastline morphology. This was represented by the spit depositional environment at 

the footwall highs extended farther out into the sea than the subsiding hangingwall 

areas with estuaries. This stand in contrast to the interpretation of the Tarbert Formation 

by Hampson et al., (2004) or Mjøs (2009) who depicts the coastline as a linear east-

west feature. Folkestad et al., (2014) (Paper 4) illustrated a facies segregation of the 

rotating rift block during deposition of the Ness-Tarbert formations with more frequent 

fluvial channels and swamp deposits in the hangingwall (high accommodation space) 

and a general lack of these deposits towards the footwall high (low accommodation 

space). 

A different sub-surface example of fault-induced estuary is the Early Jurassic Stø 

Formation in the Hammerfest Basin (Barents Sea). The Stø Formation shows a 

transgressive stacking pattern (Hess et al., 2014) of mature sandstones of the Stø 

Formation (Walderhaug & Bjørkum, 2003) indicating re-deposition of sediments 

which is typical for tidal deposits (Chang et al., 2006). In the study of Folkestad et al., 

(2005) (Appen. 1a) (see also Folkestad, 2008, Appen. 1c), the Stø Formation was 

interpreted as deposited within a fault-induced depression, formed by a blind fault with 

deposition of tidal facies in an estuarine setting. In the literature, it appears to be 

scarcity of subsurface examples of fault-induced estuaries. However, in the modern 

environment fault-bounded estuaries have been reported by Simms et al., (2016) on the 

coast of California. In the western part of the Gulf of Mexico, the Rio Grande rift-

graben includes estuaries induced by faults (Isla et al., 2004) and Hijma et al., (2009) 
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interpreted the evolution of the Holocene Rhine-Meuse estuary to be associated with 

fault movements. 

 

5.3.1 Broader perspectives 

The aspects of the Norwegian sedimentary basins raised in this dissertation can be 

considered in terms of:  

• the mature northern North Sea rift basin versus other rift basins in the world 

• if the Suez and Corinth rift models are analogue to the northern North Sea rift basin 

• current thinking within the sequence stratigraphic methodology in rift basins 

• the difference between the contemporary Jurassic Paris Basin in the southern part of 

the North Sea and the Jurassic northern North Sea 

 

1). The Mesozoic northern North Sea rift basin versus others rift basins in the world. 

Numerous rift basins and failed rifts exist around the world and many of them are 

related to the break-up of the Pangaea mega-continent from Mesozoic and into 

Cenozoic (Hadlari et al., 2016). The Artic rift system commenced in late Permian and 

formed several Mesozoic shallow-marine rift basins (Dorè, 1991) such as the Sverdrup 

rift basin in Canada (Hadlari et al., 2016; Sømme et al., 2018),), Bay of Biscay rift-

basin (Tugend et al., 2014) and the Jeanne d`Arc Basin (Driscoll et al., 1995) to name 

a few.  

These basins are typically described on a broad scale with the sedimentary response to 

rifting, addressed on formation scale. The Mesozoic Bay of Biscay formed through a 

series of extensional and compressional phases with depositions ranging from clastic 

sedimentary units, carbonate platforms and evaporites with a general drowning of the 

basin (Tugend et a., 2014). The Mesozoic Sverdrup Basin represents a single-rift basin 

and the sedimentary infill appears sand-starved with a dominance of both continental 

and marine mud deposits (Hadlari et al., 2016: Sømme et al., 2018). These two basins 

are, to a lesser extent, analogue to the Mesozoic northern North Sea Basin in terms of 

rift style and arrangement of depositional environments. Instead, the Jeanne d`Arc 

Basin offshore Newfoundland appears more similar to the Mesozoic northern North 
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Sea rift basin. This basin developed through multiple rift-phases and shows a 

sedimentary infill style grossly similar to the northern North Sea with sand-dominated 

continental facies in the lower part, followed by shallow-marine strata and with deep-

marine deposits above (Driscoll et al., 1995). Unfortunately, it appears to be a lack of 

papers following up the study of Driscoll et al., (1995) on the Jeanne d`Arc Basin. 

According to Ichaso et al., (2016), the best documented examples of marine rift basins 

in the world are the Jurassic basins of the northern North Sea and Haltenbanken in the 

Norwegian Sea. This is due to the fact that they are mature basins in terms of 

exploration with extensive seismic data and well coverage. Therefore, the 

interpretation and presented models of the sedimentary response in the basins shown 

in the papers of this dissertation may be used as examples and guides for other 

sedimentary studies in extensional basins.  

 

2). The Suez and Corinth rift models.  

In terms of rift basin models, both the Suez rift basin (Gupta et al., 1999; Lewis et al., 

2017) and the Corinth rift basin (Gawthorpe & Leeder, 2000; Ford et al., 2017) are 

popular examples to illustrate the development of rift basins. However, these examples 

are single-rift basins, i.e. they have experienced one rift phase, and they initiated as 

continental rifts that later became flooded by the sea. The sediment supply into these 

basins came from exposed rocks being either crystalline or lithified fault blocks or rift 

shoulder/margin. These two famous rift basin examples deviate from the Jurassic 

period of the northern North Sea multi-rift basin as the latter initiated within the 

shallow-marine environment during deposition of the Middle Jurassic Brent Group 

(Folkestad et al., 2014) (Paper 4). The poorly consolidated sedimentary strata within 

the rotating fault blocks (of the recently deposited Brent Group) became sub-arial 

exposed along the footwall highs and acted as local sediment source. Thus, the 

sedimentary response was most likely faster in the northern North Sea rift basin 

compared to the Suez or Corinth rift basins with lithified rocks, resilient to erosion. 

The Suez or Corinth rift basins have a topography-controlled drainage system whereas 
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in the Jurassic northern North Sea such a drainage system was probably absent or 

poorly developed within the eroded Brent Group. The Corinth and Suez rift examples 

are probably more analogue to the Triassic northern North Sea rift basin that formed in 

the continental environment. The Triassic rift phase was the first rift phase in the 

Mesozoic and can in that sense, be regarded as a single rift. The Death Valley 

extensional basin (Stewart, 1983) is probably the best analogue for the Triassic 

northern North Sea rift basin. 

 

3). Current thinking within the sequence stratigraphic methodology in rifts. 

The current status of the sequence stratigraphic methodology was summarized in the 

studies of Catuneanu et al., (2009) and Catuneanu (2019). It appears that the 

methodology is much the same as has been presented in the papers from the 90`s. The 

study of Catuneanu (2019) shows strong similarities with the study of Helland-Hansen 

& Gjelberg (1994) with focus locked onto the shoreline trajectory in basins with 

uniform tectonic subsidence. There seems to be a lack of advances in improving the 

sequence stratigraphic methodology in tectonic active areas as well as in rifts. Martins-

Neto & Catuneanu (2010) proposed a sequence stratigraphic model for rift basins using 

Prosser (1993) sedimentary infill styles (under-balance and overfilled basins) as 

descriptive terms. They believed that a rift basin had an internal uniform subsidence 

pattern and thereby missed out on recognizing the key element of the rift system being 

the extension forces causing fault block rotation, resulting in large variations in 

accommodation space across the basin. A different example of applying this method to 

a rift basin is the study of Jackson et al., (2005) who applied the sequence stratigraphic 

method to the Suez rift system by describing the sequence stratigraphic framework of 

sedimentary strata within a fault block in a dip direction, i.e. in a section of near 

uniform subsidence. This approach is similar to the study of Folkestad & Satur (2008) 

(Paper 5) in the Hugin Formation in South Viking Graben. 

In the sequence stratigraphic summary study of Catuneanu (2019) the accommodation 

space is defined by the sea or lake level. In Orre & Folkestad (2019) (Paper 2), the 
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deposition of aeolian sandstones of the Lomvi Formation were controlled by the wind 

strength within the Triassic rift basin and thereby define the accommodation space. 

This stand in contrast to the commonly used relative sea-level or the idea of base-level 

equal to lake or sea-level (see Catuneanu, 2019). Some could argue that the aeolian 

deposits are only preserved temporarily and depends on tectonic subsidence and burial, 

but that argument can be turned to any kind of sedimentary deposits. Instead, it is more 

interesting to accept the idea of the base-level, as proposed by Wheeler (1964), where 

erosion occurs above an imaginary line and deposition below. This is best described by 

the accommodation space versus sediment supply ratio as proposed by Schlager (1993) 

which is not dependent on either sea-level or lake level. By using sea-level or lake-

level as a reference point (Helland-Hansen & Hampson, 2009; Catuneanu, 2019) the 

focus is on the lake margin or shoreline with the danger of ignoring whatever forces 

that acts on the sedimentary strata farther inland. In this sense, the A/S ratio is an 

objective and descriptive approach to describe deposition and preservation within the 

clastic sedimentary environments. Accommodation space is extensively used in 

carbonate sedimentology to describe growth and decay of carbonate platforms. It is 

interesting that the sequence stratigraphic method for carbonate sedimentology dictates 

deposition during rising sea-level whereas clastic sedimentology dictates drowning and 

abandonment with a shut-off of the depositional process, which illustrate a paradox in 

the sequence stratigraphic method. 

 

4). Difference between the contemporary Jurassic Paris and the northern North Sea 

basins. 

The Jurassic basins in Northern Europe shows pronounced difference. To the south, 

the Jurassic Paris Basin experienced tectonic quiescence and development of carbonate 

platforms during a general sea-level rise (Brigaud et al., 2014). Carbonate platforms 

are absent in the Jurassic northern North Sea due to a very different geological setting. 

The best modern example of such a discrepancy is the east coast of South America 

where carbonate platforms as reefs, fringe the coastline except seaward of the Amazon 

River. Here, the clastic output and currents suppress coral reef growths in front of the 
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Amazon river mouth. Coral reefs need clean waters to live whereas marine waters with 

clastic sediments as silt and mud from river-floods, choke the carbonate organism 

(Tebbet et al., 2017). The lack of carbonate platforms in the Jurassic northern North 

Sea indicates a tectonic active basin with variable rates of subsidence and drowning 

combined with generally high rates of clastic input. Factors such as rift and inter-rift 

phases, greenhouse conditions with extensive precipitation and exhumation of the 

repeatedly elevated basin margins, explain the sedimentary infill of the basin. Perhaps 

a study linking subsidence rates, sediment input rate and sediment volume of the 

Jurassic northern North Sea should be done in the future. The study of Gabrielsen et 

al., (2010) gives a good illustration of the relative uplift rates of Norway at the different 

geological ages, which would be a natural starting point for such studies. 

  



 151 

6. Conclusions and suggestion for further work 

This dissertation has brought forward several important points on the subject of 

sedimentary response to tectonism and rifting in basins. The main conclusions are: 

Theme 1 – Allogenic forces: 

• The Devonian and Mesozoic sedimentary basins onshore and offshore Norway were 

formed and controlled by tectonism due to post-Caledonian extensional phases. 

• The Permo-Triassic and the Jurassic-Early Cretaceous rift phases reactivated the old 

post-Caledonian lineaments and the Devonian pull-apart basins in the northern North 

Sea. This influenced the subsidence pattern in the different sub-basins. The Triassic 

rift axis was located at the Horda Platform whereas the Jurassic rift axis was located in 

the Viking Graben.  

• Climate had probably a secondary influence but affected the rates of sediment supply. 

The climatic impact is probably best seen in the Triassic succession with a likely 

monsoonal effect.  

• Eustasy seems to have had a lesser role in the Mesozoic northern North Sea due to 

Greenhouse conditions at that time with lack of ice-caps. Changes in eustasy would 

had been suppressed by tectonic movements if they were rapid. 

• The variable tectonic activity of the Jurassic northern North Sea led the tectonic forces 

to sometimes act on shorter time scales similar to climatic time scales. 

 

Theme 2 – Basin infill style: 

• The Brent Group shows three different infill styles: underfilled, balanced and 

overfilled. The overfilled stage was characterized by progradation with a wave-

dominated delta-front whereas the underfilled stage was characterized by 

retrogradation and tidal processes. 

• The Suez and Corinth single-rift basins differ from the Jurassic northern North Sea 

multi-rift basin. The former rifts consist of lithified rotated fault blocks whereas the 

latter consisted of rotated fault blocks of poorly consolidated strata. This gave a much 

faster sediment supply response in the latter case, and probably without a topography-

controlled drainage system.  

• Coastlines under transgression experience erosion in the coastal area and a sediment 

supply from the sea-side into estuaries and barrier lagoon embayments. These 

sediments are often well-sorted and mature sandstones that are typically found in 

estuaries and tidal bars. 

• Conventional sequence stratigraphy can be applied to sedimentary strata in rift basin 

in a dip-section of a fault block. However, the method cannot be applied across a rift 

basin due to fault block rotations. 
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Theme 3 – Fault-induced depositional environments:  

• The aeolian Lomvi Formation (Triassic) was deposited on uplifted and drained 

footwall highs above the adjacent lakes. This was an effect of the Early Triassic rift 

phase and the aeolian dunes represent a fault-induced depositional environment. 

• The Tarbert Formation (Brent Group) show a variation of fault-induced depositional 

environments as estuaries (in hangingwall) and spits (at footwall high). The Stø 

Formation in the Hammerfest Basin show a similar feature with an estuary associated 

with fault movement. Even though estuaries often have been interpreted to occur in 

incised valleys, the examples here show that faulting may give the same setting. 

• The rifting within the Brent Group formed an uneven coastline defined by the shallow 

fault crest. This fault-block rotation gave contrasting depositional environments of the 

coastline along the strike of the fault-blocks. This deviates from the interpreted linear 

coastline style presented in previous studies of the Brent Group. 

 

The understanding of the Mesozoic multi-rift basin of the northern North Sea and other 

basins would be improved if new studies could be undertaken focusing on:  

• Better understanding of the shifting subsidence pattern of the Mesozoic sub-basins 

through time of the northern North Sea. The understanding of the Devonian fault 

configuration and how this affected the younger sedimentary basins through 

reactivations, is a theme that should be investigated further. 

• An approach to apply sequence stratigraphy on basin scale within active rifts should 

be an aim for the future. This would clarify if it is possible to use sequence stratigraphy 

in rift basins, or if one must conclude that the sequence stratigraphic method has 

limitation in such basins. 

• A comparison of rift basins in terms of depositional environments in underfilled, 

balanced and overfilled would help to better characterize rift basins. 
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8.5 Appendix 3.  
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