0‘\\\1 ERS/;"
- %

UiT The Arctic University of Norway

The Faculty of Science and Technology
Department of Geoscience

Sedimentology of Late Precambrian storm-influenced pro-deltaic
successions: Varanger, eastern Finnmark

Julia Skorgenes
GEO-3900 Master thesis in Geology

September 2020







Abstract

This study investigates the sedimentology of the Klubbnasen and Andersby formations of the Late
Precambrian (Neoproterozoic) succession in Varanger, eastern Finnmark. Additionally, the lower
parts of the Fugleberget and Paddeby formations overlying the Klubbnasen and Andersby
formations, respectively, were superficially investigated in order to provide stratigraphic context. The
investigated formations are part of the Vads@ Group, which have previously been interpreted to
represent a syn-rift succession of Late Riphean age. The present study is based on extensive field
work along the northern coastline of the Varangerfjorden and document storm-bed (i.e. tempestite)
variability within the Klubbnasen and Andersby formations, and interpret their depositional
environments and sequence stratigraphic development. Ten lithofacies were identified based on
outcrop investigations, which further are grouped into four lithofacies associations reflecting outer
shelf deposits (FA1), storm-influenced prodelta deposits (FA2), storm-influenced delta front deposits
(FA3) and braided river deposits (FA4; only occurring in the Fugleberget and Paddeby formations).
The numerous tempestite beds of Klubbnasen and Andersby formations were mainly governed by
wave-enhanced turbidity currents and storm waves producing a variety of storm-bed architectures
(e.g. wave-modified turbidite). Deposition of a typical tempestite (e.g. wave-modified turbidite) was
typically preceded by erosion of strong, but decelerating, offshore-directed turbidity currents, which
were followed by a gradually more oscillatory-dominated flow governed by storm waves. The beds
are characterized by high aggradation rates where the bed-architecture was controlled by the
temporal and spatial evolution of the two transporting agents. Seafloor topography may also have
affected the deposition. The abundancy of soft-sediment deformation structures, including the
presence of a laterally extensive slump deposit, suggest a trigger mechanism related to seismic
activity. The cyclic stacking trend of that the Klubbnasen-Fugleberget and the Andersby-Paddeby
formations and the sharp, erosive boundaries within these stratigraphic couplets, may suggest
deposition within a seismically active rift-basin where the basin fill evolution was largely governed by
hanging wall-subsidence and limited sediment supply (due to small catchment area).Periods of
increasing subsidence rates may have led to the formation of marine flooding surfaces (as observed
in the Klubbnasen and Andersby formations), while sudden uplifts of the footwall resulted in
episodes of extensive erosion of the underlying deltaic units and the formation subaerial
unconformities (as observed at the bases of the Fugleberget and Paddeby formations). Tectonic
uplift and exposure of larger areas eventually promoted the generation of extensive braided river
systems (as represented by the cross-bedded sandstone of the Fugleberget and Paddeby

formations).
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1. Introduction

1.1 Background and motivation
Coastal storms are one of the major agents in redistributing and depositing sediments on the

shelf area, and since the 1960s and 1970s storm deposits have received considerable
attention (e.g. Ball et al., 1967; Hayes, 1967; Perkins and Enos, 1968; Harms, 1975; Hamblin
et al., 1979; Bourgeois, 1980; Duke, 1991; Myrow et al., 2002; Pattison, 2005; Traykovski et
al., 2007; Ide et al., 2011; Quin, 2011; Morsilli and Pomar, 2012; Basilici et al., 2012; Myrow,
2005; Xiong et al., 2018). Numerous studies have been conducted on both ancient shelf
successions and on modern continental shelves to get a better understanding of the
processes governing sediment transport and deposition in these environments. Earlier
studies have shown that these successions typically consist of sandstone beds interbedded
with mudstone, where the sandstone beds represent deposition during single storm events
and the mudstone beds represent deposition during fair-weather conditions (Dott Jr and
Bourgeois, 1982; Duke, 1985; Brenchley et al., 1993; Krassay, 1994; Ide et al., 2011; Bowman
and Johnson, 2014). Many storm beds (i.e. tempestites) display a distinctive sedimentary
structure called hummocky cross-stratification (HCS; e.g. Harms, 1975; Xiong et al., 2018).
The origin of HCS are still under discussion, but there is a general agreement that these
structures are generated by the aggradation and migration of 3D bedforms that form by a
combination of several hydrodynamic processes, including surface storm waves and various
unidirectional bottom currents (Duke, 1991; Morsilli and Pomar, 2012). Recent studies have
also established that storm induced underflows and internal waves in the water column
could play important roles in the development of HCS (Quin, 2011; Basilici et al., 2012). HCS
commonly occur in tempestite beds together with other specific sedimentary structures
such as scour marks, gutter casts, wave ripple cross-lamination and planar lamination
(Morsilli and Pomar, 2012; Myrow, 2005). Tempestite beds have several similarities with
turbidite beds (i.e. the classical Bouma sequence Bouma, 1962), notably when the storm-
generated facies successions are deposited by combination of oscillatory and unidirectional
flows under waning energy conditions. Consequently, tempestite beds are normally graded,
as well as displaying similar sedimentary structures typical of turbidite beds (Myrow, 2005;
Myrow et al., 2002). Thus, distinguishing these deposits could potentially be problematic and

have led to several discussions (é.g. Mutti et al., 2003; Basilici et al., 2012).



Both tempestite and turbidite beds commonly occur in pro-deltaic environments where the
former usually accumulate between storm and fair-weather bases and the latter below the
storm wave base (Pattison, 2005; Basilici et al., 2012; Dufois et al., 2014). Pro-delta deposits
are usually therefore a result of both episodes of gravity flows down the delta slope as well
as reworking of sediments by storm waves and storm-induced currents (Traykovski et al.,
2007). Numerous pro-deltaic successions have been investigated in the last few decades,
both ancient and modern, where the main focus have been to establish the processes of
deposition (e.g. Pattison, 2005; Bhattacharya and MacEachern, 2009; Basilici et al., 2012;
Dufois et al., 2014). However, in the modern, it is difficult to do accurate measurements
during and immediately after storms, thus investigating their resultant deposits is important

to understand storm processes and flow dynamics.

This case study investigates two Late Precambrian storm-influenced pro-deltaic successions,
the Andersby and Klubbnasen formations of the Vadsg Group in eastern Finnmark, northern
Norway. The Andersby and Klubbnasen formations are both heterolithic siltstone-dominated
units, which earlier have been described to be part of regressive deltaic systems that
developed during a rift episode in the Late Riphean (Banks et al., 1974; Rge, 2003). Apart
from being briefly mentioned in a few papers on the general lithostratigraphy of the area,
the Andersby and Klubbnasen formations are poorly described in terms of sedimentary
facies and sequence stratigraphic architecture, as such a detailed understanding of the
depositional processes and depositional environment are lacking. This is despite the two
formation being excellently exposed along the southern coastline of the Varanger Peninsula
(Fig. 1c). Thus, the main objective of this thesis is to document storm-bed variability and the
depositional architecture of the two interpreted pro-deltaic units and establish a more
detailed understanding of the depositional environment under which the formations

accumulated, focusing particularly on storm-emplaced facies.

Thick cross- bedded sandstone units of the Paddeby and Fugleberget formations overlie the
Klubbnasen and Andersby formations, respectively (Banks et al., 1974). Previous studies
indicate that these cross-bedded sandstone successions are of fluvial origin and was

deposited in extensive braid-plain settings (Banks et al., 1974; Rge, 2003). However, there is



limited knowledge about the relationship to the underlying pro-deltaic units of this study. A
second aim of this study will thus be to document and interpret the relationship between
the pro-deltaic and fluvial units in regard to their sequence stratigraphic development. The
syn-rift character of the investigated pro-deltaic units is evident by the extensive soft-
sediment deformation and add yet another dimension to this study, as most other ancient
pro-deltaic successions described in the literature mostly represent foreland or passive
margin systems. A third objective is therefore to investigate the influence of tectonic activity
on deposition and the evolution of the pro-delta successions of the Andersby and

Klubbnasen formations.



2. Geological setting

2.1 Introduction
The Late Precambrian sedimentary succession in the Tanafjorden and Varangerfjorden

region, eastern Finnmark, northern Norway (Figs 2A & 2B), have previously received
considerable attention through the years with several papers describing the structural and
stratigraphic development of the area (e.g. Banks et al. 1974, Hobday 1974, Sidlecka et al.
1995). This includes the succession exposed on the southwestern side of the Varanger
Peninsula, south of the Trollfjord-Komagelv Fault Zone, a regional lineament that have had a
major control on the stratigraphic development of the area (Johnson et al., 1978a; Rge,
2003). During deposition of the Precambrian succession in the Varanger area, the
supercontinent Rodinia was splitting up into several segments, one of them being Baltica,
which comprises the present Fennoscandian Shield (Nystuen et al., 2008). Baltica was at this
time located on the southern hemisphere where the Varanger Peninsula was a part of a
northeastern passive margin with eastward progradation of deltas out into an extensional
peripheral basin (Zhang et al., 2015). The resulting deposits are today exposed in several
outcrops along the west—east trending coastline in the Varanger area (Fig. 2C). As well as
being autochthonous, the successions have only experienced low grade metamorphism and

relatively little tectonic deformation (Roberts and Siedlecka, 2002).

In total, the succession is c. 4000 m thick and comprises the upper Riphean Vadsg and
Tanafjord groups as well as the Vendian to lowermost Cambrian Vestertana Group (Johnson,
1978). They are deposited on top of the crystalline basement and have suffered only minor
tectonic deformation (Banks et al., 1974). The groups generally consist of various fluvio-
deltaic and shallow-marine shelf deposits (Rge, 2003). The depositional and stratigraphic
setting of the three groups are generally well understood, but some parts have received little
attention, such as the Andersby and Klubbnasen formations of the Vadsg Group, which are
the focus of this study. These heterolithic siltstone-dominated formations have earlier been
described to be part of regressive deltaic systems that developed during the main rift
episode in the Late Riphean (Banks et al., 1974; Rge, 2003). Apart from only briefly being
mentioned in a few papers on the general lithostratigraphy of the area, the Andersby and
Klubbnasen formations are poorly described and the understanding of the depositional

processes and environment are lacking.



The Neoproterozoic Era comprises the Tonian (1,000-850 Ma), Cryogenian (850-630 Ma) and

Ediacaran (630-542) periods (Gradstein et al. (2004). Although, in Russian and Nordic

geological literature, the older Russian terms Riphean and Vendian are widely used. For

convenience, these terms will also be used in this thesis. Riphean corresponds to the

Mesoproterozoic, Tonian and Cryogenian periods, while the Vendian corresponds to the

Ediacaran period as shown in Figure 1 (Nystuen et al., 2008; Roberts and Siedlecka, 2012).
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Figure 1. Comparison between the different timescales. Figure from Pease et al. (2008).

2.1.1 The Timan-Varanger belt
Along the margin of northern Europe, on the Norwegian and Russian coast, remnants of a

sedimentary succession of mainly Neoproterozoic age, can be traced for c. 1800 km along

the so-called Timan-Varanger belt (Figs 2A, 4A & 4B). These NW—SE trending successions

are deposited in a pericontinental to basinal setting and have only experienced low-grade

metamorphism (Roberts and Siedlecka, 2002; Roberts and Olovyanishnikov, 2004; Nystuen

et al., 2008). Towards the southeast, the Timan-Varanger belt changes orientation from

NW—SE into a N—S trend nearly parallel with the central and southern Urals (Fig. 4A)

(Roberts and Siedlecka, 2002).



The deposition is considered to have occurred during the break-up of Rodinia when Baltica
experienced crustal extension and rifting, eventually leading to the formation of passive
margins (Roberts and Siedlecka, 2002). Today the successions can be followed from the
Timan Range in the east to the Varanger Peninsula in the west, including the Rybachi and
Sredni Peninsulas and the Kildin Island (Fig. 4A) (Roberts, 1996). During the last century,
there have been conducted several studies on these excellently exposed Late Precambrian
successions. Already in the late 1800s, several outcrops were investigated; among these
were the famous Bigganjargga tillite (e.g. Reusch, 1891; Holtedahl, 1918; Bjgrlykke, 1967;
Edwards, 1972). Later, sedimentary, structural and petrographic studies, as well as isotopic
dating and paleomagnetic investigations led to several important advances in the knowledge
of the Precambrian successions (e.g. Holtedahl, 1918; Siedlecka and Siedlecki, 1967; Banks et
al., 1974; Hobday, 1974; Levell and Roberts, 1977; Johnson et al., 1978b; Karpuz et al.,
1995b; Olovyanishnikov et al., 1997; Roberts and Siedlecka, 2002; Rge, 2003; Zhang et al.,
2015).
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2.2 Structural framework
2.2.1 Rodinia
Towards the end of the Precambrian, in the Late Mesoproterozoic time, most of Earth’s

continental fragments were assembled into one supercontinent called Rodinia (Fig. 3A)
(Bogdanova et al., 2009; Cawood and Pisarevsky, 2017; Merdith et al., 2017). During the
formation of Rodinia, several plates collided into the central plate of Laurentia, forming
numerous orogenic belts along the collision zones (e.g. Greenville, Sveconorwegian, Valhalla
and Sunsas belts) (Cawood et al., 2007). In the Early Neoproterozoic (around 800 Ma),

Rodinia started to break apart after being assembled for 150 million years (Li et al., 2008).
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Figure 3. 3A) Figure showing the distribution of the continents during the assembly of Rodinia. Modifed from Nystuen et
al. (2008)). 3B) Map of Baltica during the separation from Rodini where the Timanian margin represents the northeastern
passive margin of Baltica. (Nystuen et al. (2008)).

The break up itself occurred in a discontinuous manner with widespread continental rifting
presumably initiated by a mantle superplume (Bogdanova et al., 2009). As well as several rift
zones, the break up led to the formation of numerous dyke swarms and large igneous
provinces (LIPs). The end of the Rodinina supercontinent is marked with the opening of the
lapetus Ocean between Laurentia and Baltica, which took place between 650 and 550 Ma

(Bogdanova et al., 2009).



2.2.2 Baltica during the assemblage and break-up of Rodinia
Baltica (Fig. 3B), which is the Precambrian part of northeastern Europe, consists of three

different terranes named Volgo-Uralia, Sarmatia and Fennoscandia (Johansson, 2009). These
segments presumably collided in Paleoproterozoic time (around 2.1-1.7 Ga) and primarily
consists of an Archean core(Pease et al., 2008; Bogdanova et al., 2016). Baltica became a
part of the Rodinia assembly when the plate collided with Laurentia and Amazonia. The
collision led to the Sveconorwegian Orogeny, which is assumed to be a small segment of the
global Greenville belt (Bingen et al., 2005). Throughout the Rodinia assembly, Baltica was
located on the southern hemisphere, mostly likely attached to the northeastern margin of
Laurentia and with the Amozonian plate in southeast (Fig. 3A) (Bogdanova et al., 2016). The
orientation of the Baltic shield during the assembly have previously been under discussion.
Some researcher have proposed that Baltica was inverted from currently orientation
throughout the assembly (Torsvik et al., 1996; Torsvik and Cocks, 2005). This theory was
later proven to be wrong based on paleomagnetic measurements (Cawood and Pisarevsky,
2006) and today there is a general agreement that northwestern Baltica was located
adjacent to northeastern Laurentia as shown in Figure 3A (Cawood and Pisarevsky, 2006;
Cawood et al., 2007; Li et al., 2008; Nystuen et al., 2008; Johansson, 2009; Merdith et al.,
2017).

During the break-up of Rodinia, Baltica experienced intracatonic extension, rifting and
formation of small and restricted rift basins. The succession of this study was presumably
deposited in one of these active rifts-basins (Siedlecka and Siedlecki, 1967; Rge and
Hermansen, 1993; Rge, 2003). In Neoproterozoic time, the margin of these basins turned
into pericontinental passive shelfs along the northeastern margin of Baltica (Fig. 3B),
promoting the development of large depositional systems ranging from fluvial to deep
marine (Siedlecka and Siedlecki, 1967; Johnson et al., 1978a; Olovyanishnikov et al., 1998;
Rge, 2003). Some of the resulting deposits can today be found in the eastern part of
Finnmark and northwestern Russia (Fig. 4A). Baltica also started to drift apart from
Laurentia, eventually leading to the opening of the lapetus Ocean in the Early Cambrian
(Johansson, 2009). The separation resulted in Baltica being an independent continent with
its passive margins receiving and accommodating large amounts of sediments (Fig. 3B)

(Nystuen et al., 2008).



During the early Ordovician, subduction-zones formed on both side of the lapetus Ocean,
eventually leading to an oblique collision between Laurentia and Baltica. During the collision,
the margin of Baltica was subducted beneath Laurentia creating the Caledonian orogeny,
which today extends over a distance of c. 2000 km along the entire western margin of
Scandinavia (Roberts, 2003; Gee et al., 2008), including eastern Finnmark (Rice, 2014). The
collision was followed by an orogenic collapse with widespread extension and sedimentation
in the Devonian (Torsvik and Cocks, 2005).

2.2.3 The Trollfjorden-Komagelv Fault Zone and the Sredni-Rybachi Fault Zone

A major NW—SE trending fault zone, which can be followed from the southwestern Barents
Sea to the Kanin-Timan region in the east, separates the percontinental and basinal regimes
in Finnmark and northwestern Russia (Figs 4A, 4B & 4C) (Karpuz et al., 1994; Roberts, 1996;
Ree, 2003). The Trollfjorden-Komagelva fault zone (TFKZ), which represents the western part
of the regional fault zone (Fig. 2B), divides the Varanger Peninsula in two geological regimes,
the Tana-Varanger Region (TVR) and the Barents Sea Region (BSR) (Fig. 2B) (Siedlecka and
Siedlecki, 1967; Sturt et al., 1975; Johnson et al., 1978b; Karpuz et al., 1995a; Roberts, 1996;
Roberts and Siedlecka, 2002; Siedlecka et al., 2004).

The Trollfjorden-Komagelv fault zone is approximately 75 km long and between 1 and 5 km
in width where its main lineaments are generally topographic and have braided or
anastomosing structural pattern (Fig. 2B) (Herrevold et al., 2009). The fault zone is
considered to have originated in Archean time and have since been active in different
periods (Herrevold et al., 2009). During this time, the fault zone have played a major role on
the geology in the area, including strike-slip reactivation during the Caledonian Orogeny
where it tectonically translated the entire Barent Sea Region along the fault zone to its

present position (Ramberg et al., 2008).

In the Late Mesoproterozoic to Neoproterozoic time however, the TKFZ presumably acted as
a normal fault (Siedlecka and Siedlecki, 1967; Karpuz et al., 1993; Herrevold et al., 2009). The
area within and immediately adjacent to the TFKZ have been exposed to both brittle and
ductile deformation (e.g. metamorphism, folding, duplexes and flower structures), where
the degree and orientation of the deformation vary across the Peninsula (Rge, 2003;
Herrevold et al., 2009). The deformation most likely originates from both the Caledonian

(500-430 Ma) (Gee et al., 2008) and the Timanian orogens (600-550 Ma) (Fig. 4c) (Roberts
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and Olovyanishnikov, 2004). In the western area, where the Caledonian thrust front is
located, folds and cleavages have a NE-SW to ENE-WSW trend where the Neoproterozoic
successions pass into the Caledonian Parautochthon and subsequently into the Lower
Allochthon (Gaissa Nappe complex) (Sturt et al., 1975; Roberts, 1996). The age of the
deformation is believed to be Late Silurian-Early Devonian (Roberts, 1996; Roberts and
Siedlecka, 2002). The Caledonian deformation terminates towards the east, where the
Peninsula becomes more affected by the Timanian orogeny (Roberts, 1995; Roberts and
Olovyanishnikov, 2004; Herrevold et al., 2009). The Timanian orogeny, which is of Late
Vendian to Early Cambrian age (Roberts, 1996), formed during inversion of the fault zone,
which earlier had acted as an extensional regime with passive margins in northeastern
Baltica. The Timanian deformation trends dominates the northeastern part of the Varanger
Peninsula in the basinal domain, north of the TKFZ (Fig. 4C). Compared to the northern side
of the TKFZ, the southeastern side (the pericontinental regime) have less abundant
deformation structures (Olovyanishnikov et al., 1998; Roberts and Olovyanishnikov, 2004)

(Roberts and Olovyanishnikov, 2004; Olovyanishnikov et al., 1998).

The TKFZ continues eastward into Russia along the coast of Kola where it has been termed
the Sredni-Rybachi Fault Zone (SRFZ) (Figs 4B & 4C). The SRFZ crosses both the Sredni and
Rybachi peninsulas where the successions on the Sredni Peninsula represent the
pericontinental regime and the Rybachi represents the basinal regime (Roberts, 1996). Also,
in this area, the structural deformation changes significantly across the fault zone (Roberts,
1996; Roberts and Siedlecka, 2002). The fault zone continues further east to southeast,
where it possibly correspond to the Central Timan Fault in the Timan region (Fig. 4A) (Rge,

2003).
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Figure 4. 4A) Location map showing the eastern Finnmark, Kola Peninsula, Timanians and northern Ural (Roberts (1996)). 4B) Map
showing the Varanger peninsula, Rybachi and Sredni peninsulas and Kildin Island. The Neoproterozoic and Cambrian successions
are in orange. Figure from Roberts and Siedlecka (2012). 4C) Map of the Varanger Peninsula, Rybachi and Sredni Peninsulas and
Kildin Island showing the structural trends (axial surface traces of folds and Strike). Figure from Olovyanishnikov et al.,| 1998.
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2.2.4 The Varangerfjorden fault zone
Rge (2003) have previously proposed the presence of a NW—SE trending fault zone in

Varangerfjorden (Fig. 5). The theory is based on a revised stratigraphic correlation between
the most likely younger (Late Riphean) Veinsbotn Formation, south of the Varangerfjorden,
and the Riphean successions (the Vadsg and Tanfjorden groups), north of the

Varangerfjorden.

c "] Quaternary deposits [} Tanatjorden Group, unditferentiated
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[l smalfiord Formation EEEH Dakkovarre Formation
% Stangenes Formation

[F77] Grenneset Formation
o L vadso Group, unditferentiated
//&b " [Z77] metamorphic rocks
Ol@/L —= Fault
b 4'oo) +—+% Syndine
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Figur 5. Map of the Tana-Varanger region with the proposed Varangerfjorden fault zone (VFZ) in Varangerfjorden.
Figure from Rge (2003)

The Veinsbotn Formation, which is deposited on top of the crystalline basement in the
southern part of Varangerfjorden, was earlier suggested to be part of the lowermost
formation of the Riphean succession. However, new evidence based on lithology and
paleocurrents implies that the Veinsbotn Formation is possibly part of a younger succession,
namely the Tanafjorden Group (Fig. 8). Thus, to explain the position of the Veinsbotn

Formation, a fault zone (The Varangefjorden fault zone, VFZ) separating the younger
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formation with the older successions was proposed (Figs 5 & 6). The VFZ most likely
experienced two episodes of extensional fault activity. First in the Late Riphean, during
sedimentation of the lower part of the Riphean successions (the Vadsg Group and
lowermost Tanafjorden Group). The active period was followed by a sea-level rise where
post-rift sediments (the upper Tanafjorden Group) were deposited onlapping on the basinal
margin (crystalline basement) (Figure 6A). The Veinsbotn Formation was most likely
deposited during this post-rift period. Later, a reactivation of the VFZ resulted in fault-block
rotation and footwall erosion, which led to the low-angle unconformity between the

Veinsbotn Formation and the Lower Riphean succession (Fig 6B & C) (Rge, 2003).

@ LATE RIPHEAN

SYN-RIFT | POST-RIFT |

*Archaean*
basement’

© EARLY VENDIAN

Lower part of
Vesterntana Group

RS

Archaean
basement

<+ VARANGERFJORDEN —s

Fig. 6. Figure showing hypothetical cross section of the Varangerfjorden with the Varangerfjorden fault zone. 6A) First
phase, syn-rift sedimentation followed by post-rift sedimentation, which on-lap the basin. 6B) Second Phase where part of
the Veinsbotn Fm is downfaulted. 6C) Vendian erosion and deposition of the Vestertana Group. Figure from Rge (2003).
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The VFZ is only hypothetically considered, as Vendian and Quaternary deposits conceal the
modern fjord and there are no seismic reflection profiles available from the inner part of
Varangerfjorden. In 2011, multibeam bathymetric data and reflection-seismic data were
collected from the outer Varangerfjorden. This data did not reveal the presence of a NE—SE
trending lineament in the outer fjord, which led these authors to dispute the presence of a

fault zone in the Varangerfjorden (Roberts et al., 2011).

2.3 Lithostratigraphy of the Tana-Varangerfjorden Region (TVR)
The TVR comprises the Upper Riphean Vadsg and Tanafjorden groups and the Vendian to

Lower Cambrian Vestertana Group (Fig.7). The succession is in total c. 4000 m thick and
mainly consist of various fluvio-deltaic and shallow-marine shelf deposits, including Vendian
tillites (Johnson et al., 1978b; Rge, 2003). Several hiatuses characterize the succession;
among these are the unconformity between the Tanafjorden Group and the Vestertana
Group. The break represents a significant episode involving tectonic tilting and erosion
where most of the southern Riphean deposits were removed due to extensive erosion (Rge,
2003). Two regional hiatuses related to uplift and glacial erosion also occur in the succession

(Nystuen et al., 2008).
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2.3.1 The Vadsg Group
The Vadsg Group consists of a 290-660 m thick (Banks et al., 1974) mainly silisiclastic fluvio-

deltaic succession (Fig. 8). The group is considered to have been deposited in a syn-rift
setting during the first phase of fault activity in the VFZ (Rge, 2003). The succession includes
six formations, which can be divided into three lower-order tectonostratigraphic units
separated by regional unconformities (Fig. 8). The lower of these tectonostratigraphic units
consists of the Klubbnasen, Fugleberget, Andersby and Paddeby formations. Both the
Klubbnasen and Andersby formations of the present study consist of heterolithic siltstone
units interbedded with sandstone beds. The sandstone beds commonly display sole marks,
parallel lamination and cross-lamination and the beds become thicker and more abundant
towards the upper part of the formations (Banks et al., 1974). The Klubbnasen and Andersby
formations are both considered to be deposited in regressive deltaic environments, whereby
the deltas apparently prograded eastward (Rge, 2003). The Fugleberget (overlies Klubbnasen
Formation; e.g. Ree, 1987; Rge and Hermansen, 1993) and Paddeby (overlies Andersby
Formation; Rge and Hermansen, 1993) both consist of thick cross-bedded fluvial sandstones
suggesting deposition in braided river systems where the direction of transport being
approximately to the east (Banks et al., 1974; Rge, 2003). Together with the Andersby and
Klubbnasen formations, respectively, these units form two vertically stacked coarsening-
upward successions, indicating recurrent regressive conditions and deltaic shoreline

accretion (Rge, 2003).

The second tectonostratigraphic unit of the Vadsg Group comprises the Golneselva
Formation, which is characterized by two different depositional environments. The lower
part consists of wave-rippled sandstones deposited in an estuarine environment, while
coarse-grained, fluvial sandstones characterize the upper part of the unit. The paleocurrent
direction is mainly to the northwest, indicating a change in transport direction compared to
the lowermost tectonostratigraphic unit, which displays mostly eastward-directed
paleocurrents (Banks et al., 1974; Rge, 2003). The Ekkergya Formation represents the upper
and youngest tectonostratigraphic unit of the Vadsg Group and is characterized by a
coarsening-upward shelf to shoreline succession containing storm-dominated structures like
hummocky cross-stratification and pervasive soft sediment deformation structures (Johnson,

1975; Johnson, 1978; Rge, 2003).
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2.3.2 The Klubbnasen and Andersby formations
The Klubbnasen Formation, which is the lowermost unit in the Vadsg Group (Rge, 2003), is

approximately 50 m thick and mainly consists of heterolithic siltstone. The upper part is
exposed ca. 3 km west of Vestre Jakobselv at Klubbnasen (Fig. 2C), while the middle unit is
hidden beneath the fjord. The basal part of the formation is exposed on Skjaholmen, an
island southwest of Klubbnasen (Banks et al., 1974). Due to its stratigraphic completeness,
only the Klubbnasen locality has been investigated in this thesis. Both Hobday (1974) and
Banks et al. (1974) have given a general description of the formation where it is described to
be consisting of an upward-coarsening succession of siltstone interbedded with fine-grained
sandstone containing different sole marks and deformation structures. The lithostratigraphic
boundary to the overlying fluvial Fugleberget Formation is regarded to be transitional and is
in the previous literature defined by the first occurrence of a flat-bedded sandstone bed
(Banks et al., 1974). The Fugleberget Formation was also investigated at the Vadsgya locality,
in addition to the Klubbnsen locality (Fig. 2C). A Rb-Sr dating has also been conducted on the
Klubbnasen Formation where the unit yielded an age of 810 +/- 90 Ma corresponding to the

Late Riphean rift phase (Fig. 1) (Pringle, 1972; Bylund, 1994).

The Andersby Formation, which overlies the Fugleberget Formation, is approximately 25 —
40 m thick (Fig 8). The unit is exposed along the shoreline between Vadsg and Per-Larsavik,
which lies west of Vestre Jakobselv (Fig. 2C). At the Vadsg location, the formation is ca. 40 m
thick, while at Per-Larsavik the unit is only 25 m thick (Banks et al., 1974). In this thesis, the
Vadsg location where investigated together with the Bergelva and Paddeby locations (Fig
2C). As well as consisting of siltstone beds interbedded with sandstone beds, the Andersby
Formation displays many sedimentary characteristics similar to the Klubbnasen Formation,
including sole marks and soft sediment deformation structures (Banks et al., 1974; Rge,
2003). The boundary between the overlying Paddeby Formation and the Andersby
Formation have previously been described to be transitional and is lithostratigraphically
defined on the occurrence of the first sandstone unit thicker than 1 m (Banks et al., 1974).
Similar to the Klubbnasen Formation, the Andersby Formation is also considered to be

deposited in a syn-rift environment during the Late Riphean (Rge, 2003).
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2.3.3 The Tanafjorden Group
The Tanafjorden Group forms a 1448 to 1665 m thick succession consisting primarily of

sandstones and siltstones (Fig. 8). The upper part of the succession includes a mixture of
carbonate and muddy- siliciclastic sediments. During deposition of the group, the area
experienced several shoreline shifts, which were related to transgressive and regressive
episodes (Siedlecka and Roberts, 1992; Rge, 2003). According to Rge (2003), the upper part
of the group is considered to be deposited in a post-rift environment, while the lower part
characterizes a syn-rift environment (Fig. 8).

2.3.4 The Vestertana Group

Two tillite-bearing formations, respectively the Smalfjord and the Mortensnes formations,
including the famous Bigganjargga (e.g. Bjgrlykke, 1967), characterize the Vestertana Group
(Fig. 8). Nearshore and shelf deposits overlie the tillite-bearing formations, while interglacial
deep-water, turbiditic deposits separate the two formations. The group includes two
hiatuses, both located beneath the tillites, indicating a regional glacial erosion (Rge, 2003;

Nystuen et al., 2008).
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3. Methods

3.1 Fieldwork
The data collected for this thesis was obtained from fieldwork during a 10-day period in

September 2018 and 4 days in June 2019. Conventional sedimentological investigations were
conducted at five locations; Klubbnasen, Bergelva, Vadsg coastal section, Paddeby and
Vadsgya (Fig. 2C). The collected data set primary consists of sedimentological logs.
Sedimentary properties and features such as lithology, sorting, bed thickness, bed geometry,
boundaries, primary and secondary sedimentary structures, paleocurrent directions (from
flute casts and current ripple cross-lamination) and grain size variations were described and
measured during the logging. At the Klubbnasen loacality, a nearly continuous log of the
whole unit was obtained as the bedding was dipping towards west (by some few degrees)
and thus giving excellent access to the whole formation (The Klubbnasen Formation, Fig.8).
At the Bergelva and Vadsg localities, the logging were limited by the steepness and relief of
the coastal cliffs, which range from c. 3 to 8 m in height and thus only display parts of the
unit (Andersby Formation, Fig. 8). By logging several vertical sections along the outcrops, a
detailed description of the lateral variations of the Andersby Formation was established. In
addition, a correlation panel of the c. 900 m lateral W—E oriented section at Vadsg was
constructed, focusing particularly on the lateral development of soft sediment deformation
structures within the Andersby Formation. To obtain the data sets, a hand lens, meter stick,
geological hammer, geological compass and grain size identification sheet were used. A
Panasonic DMC-GX1 camera with a 14 mm lens and a Panasonic DMX-GH4 with 14-56 mm

lens were also used to take photos.

3.2 Post-fieldwork
Post-fieldwork included digitalizing logs and lateral profiles in the software CoreIDRAW

version 19.0.0.328 (2017). In addition, figure compilation and photo analysis were also
conducted in this software. Several of the overview photos were also stitched into
panoramas using the software Hugin Panorama photo stitcher 2018.0.0. The complete data

set mentioned above is presented in the following chapters.
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4. Results

4.1 Lithofacies

Eight lithofacies (Table 1) have been recognized in the Klubbnasen and Andersby formations
based on grain size distribution and sedimentary structures, as well as bed geometry.
Additionally, two lithofacies are identified in the lower part of the Fugleberget and Paddeby
formations. The ten lithofacies are described and interpreted below and summarized in

Table 1.
4.1.1 Lithofacies 1: Laminated mudstone and siltstone

Description:

Lithofacies 1 consists tabular units of mudstone and siltstone with small proportions of very
fine-grained sandstone (Figs 9A and 9B). It is characterized by dark grey/green to red parallel
lamination, where each lamina is rarely thicker than 0.5 cm. The lamination is mostly planar
(Fig. 9A), but may also display a more undulating character. Symmetrical, straight crested
ripples, which frequently displays bifurcation occur in places (Fig. 9G). Small, discontinuous
sandstone lenses of very fine-grained sandstone, 0.5-2 cm thick, are observed in the upper
part of the facies, commonly producing a pinch- and swell bed geometry (Fig. 9B). Internally,
they have slightly asymmetrical rounded crests with low-angle foresets. They are typically
located in the upper part of the facies, but may also be randomly distributed in the whole
facies. At the Vadsg locality (Fig 2C) the siltstone appears to be mostly homogeneous and
shows little diversity in grain size distribution (Fig. 9A), especially in the lower part of the
succession. In contrast, facies 1 at the Bergelva and Klubbnasen localities (Fig. 2) exhibit a
more heterolithic character with more abundant sand lenses (Fig. 9B). The facies typically
defines the base of an upward-coarsening succession and usually underlies lithofacies 2 or

lithofacies 3.
Interpretation:

The parallel lamination in facies 1 is most likely deposited in a low-energy depositional
environment as hemipelagic fall-out during periods of fair-weather suspension settling. The
deposition has occasionally been interrupted by episodes of stronger currents leading to the
formation of small sandstone lenses. The symmetrical, straight-crested ripples indicate wave

activity, while the slightly asymmetrical rounded foresets found in the sandstone lenses
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characterize combined-flow ripples, which will be further elaborated in the description and
interpretation of lithofacies 7 (Harms, 1969; Dumas et al., 2005; Lamb et al., 2008; Basilici et
al., 2012). Considering the mudstone and siltstone dominated nature of this facies, as well as
sandstone only being present as small, subordinate lenses, the deposition most likely took
place in water depths below mean storm-wave base with limited influence from storms

(Krassay, 1994; Midtgaard, 1996; Einsele, 2000; Baniak et al., 2014).

4.1.2 Lithofacies 2: Interbedded sandstone/siltstone heterolithics

Description:

Lithofacies 2 is characterized by tabular units of alternating thin-bedded red to brown
sandstone beds and dark to light grey siltstone lamination (Figs 9C and 9D). It shares many
similarities to lithofacies 1, but is characterized by a higher abundancy of sandstone
interbeds, and is one of the most abundant facies within the investigated successions. It is
present throughout the formations and is frequently found on top of lithofacies 1, as well as
in lateral extensive units in between thicker sandstone beds. The thin sandstone beds in
lithofacies 2 are normally graded, consist of very fine-to-fine-grained sandstone and typically
exhibit a pinch-and-swell bed geometry (Fig. 9D). The individual beds rarely exceed a
thickness above 4 centimetres and the average bed is approximately 1-2 centimetres thick.
Structures characterizing the sandstone beds are slightly asymmetrical round-crested ripples
(Fig. 9C) similar to those observed in facies 1, as well as planar- to undulating lamination
occurring in the bed divisions below the ripples. Although some of the beds may display a
more massive appearance (Fig. 9D). Each siltstone interbed differs considerably in thickness,

but they are normally between 2 and 10 centimetres thick.
Interpretation:

Lithofacies 2, which is found in both the Andersby and Klubbnasen formations, represents a
general low-energy depositional environment. The laminated siltstone is most likely
deposited during fair-weather conditions as hemipelagic fall-out, while each thin-bedded,
lenticular sandstone bed likely represent single storm events in more distal, deep water
settings (Alfaro et al., 2002; Basilici et al., 2012; Brenchley et al., 1993; Dumas et al., 2005;
Arnott, 1993). The rippled sandstone beds also display similarities with thin bedded

turbidites elsewhere and could therefore represent deposition by dilute, low-density
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turbidity currents (Lamb et al., 2008). However, due to the presents of rounded, slightly
asymmetrical ripples, these beds are likely deposited by oscillatory-dominated flow with a
relatively weak unidirectional component and therefore more likely deposited by combined
flows during waning storms that reached considerable depths or a combination between
(Arnott and Southard, 1990; Basilici et al., 2012). Lithofacies 2 is therefore interpreted as
distal storm beds deposited above the average storm-wave base in water depths where only
major storms affected the seafloor. The siltstone lamination represents background

deposition during fair-weather periods.

24






Figur 9. Representative photos of lithofacies 1 to 3. 9A) Lithofacies 1, laminated mudstone. Lens cap for scale (5 cm) 9B)
Lithofacies 1, laminated siltstone with small sandstone lenses (white triangle indicates coarsening upward). Lens cap for
scale (5 cm). 9C) Lithofacies 2, interbedded siltstone and sandstone where the sandstone display combined-flow ripple
lamination. 9D) Lithofacies 2, interbedded siltstone and sandstone Pen for scale (13 cm). 9E) Lithofacies 3, sandy
siltstonebed with HCS obtaining a pinch-and-swell geometry. Meter stick for scale (1 m). 9F) Lithofacies 3, unit of a typical
HCS-bearing sandy siltstone bed with planar lamination in the lower part. Ruler for scale (20 cm). 9G) Wave ripples on
bedding surface (sandstone). Pocket knife for scale (8 cm)

4.1.3 Lithofacies 3: Hummocky cross-stratified/deformed siltstone (silty sandstone)
Description:

Lithofacies 3 consists of dark to light grey siltstone with considerable proportion of very fine-
grained sandstone (Fig. 9E and 9F). The lithofacies is observed in the lower part of the
successions at both the Klubbnasen (Klubbnasen Formation) and Bergelva (Andersby
Formation) localities, while it is more uncommon in the Vadsg locality. The siltstone beds are
usually normally graded (from very fine-grained sandtone to siltstone), commonly 50-100
centimetres thick, sometimes reaching thicknesses up to 2 meters. They normally extend
laterally for several hundred meters typically displaying a weak pinch-and-swell bed
geometry (Fig. 9F). The upper boundary is usually gradational, commonly grading upwards
into siltstone-dominated sediments (lithofacies 1 and 2), while the lower boundary is
typically sharp and erosive. Internally, lithofacies 3 is predominated by large-scale
hummocky cross-stratification (HCS) and occasionally planar to low-angle undulating
laminations (Figs 9E and 9F). The HCS usually display an isotropic (i.e. no preferred
orientation of dipping stratification) appearance and is characterized by the presence of
several second-order truncations internally (Sensu Dott Jr and Bourgeois, 1982). The
sedimentary structures are frequently heavily disturbed by soft-sediment deformation
structures (e.g. ball-and-pillow structures; Figs 24C and 24D) and only remnants of the

primary structures can be observed several places.
Interpretation:

Lithofacies 3 is dominated by the distinctive structure HCS, which is a prominent evidence of
deposition by storm-dominated flows (Harms, 1975). Based on the isotropic character of the
HCS, deposition most likely took place under an oscillatory dominated flow by vertical
aggradation during storm events. The second order truncations within the HCS indicate

several erosional events representing fluctuation in the storm-produced flow or multiple
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storm events (Duke, 1991; Cheel and Leckie, 2009; Morsilli and Pomar, 2012), while the

normally graded character of the beds is attributed to overall waning storm conditions.

The planar to low-angle undulating lamination (Fig. 9F), which occasionally underlies the
HCS, is believed to be a product of deposition under high-energy oscillatory dominated
combined-flow conditions (e.g. Arnott, 1993) and will be further discussed in lithofacies 5.
The presence of sharp base indicate erosion during peak storm activity. Lithofacies 3 is thus
interpreted to be formed by waning storms close to storm-wave base where only very-fine

sand and silt were available.
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Figure 10. Representative photos of lithofacies 4 and 5. 10A) Massive sandstone displaying normal grading (marked by white
triangle; lithofacies 4). 10B) Typical massive sandstone bed capped with combined-flow ripple lamination (lithofacies 8). 10C)
Sandstone displaying planar lamination (lithofacies 5). 10D) Typical event bed with a lower massive base with mudstone clasts,
overlain by planar lamination which are capped with combined-flow ripple lamination. 10E) Sandstone base with both flute casts and
syneresis cracks. Flow direction towards east. Pocket knife for scale (8 cm).

4.1.4 Lithofacies 4: Massive sandstone
Description:

Lithofacies 4 typically occurs in the lower part of sandstone beds (e.g. event beds) that
otherwise is characterized by wave-generated/traction structures, although it may also
completely dominate some beds (Figs 10A and 10B). It consists of massive (structureless),
commonly weak normally graded, very fine-to-fine-grained sandstone, which may contain
small horizontally aligned rip-up mudstone clasts towards the base (Fig. 10D). The thickness
of this facies varies from a few centimetres to approximately 15 centimetres, usually
displaying a sharp lower boundary with abundant and well-developed sole marks such as
flute casts, longitudinal scours and gutter casts. The flute casts are by far the most abundant
sole marks in this lithofacies and ranges in length from 2 to 10 centimetres (Fig. 10E),
depending on the bed thickness. Paleocurrent data from the measured flute casts shows a
predominantly orientation toward east. The upper part of the facies may display very weak
planar lamination, often marking a diffuse transition from lithofacies 4 to lithofacies

5/lithofacies 6.
Interpretation:

The lack of sedimentary structures in lithofacies 4 indicates deposition under upper-flow
regime conditions with high aggradation rates. Under these conditions, rapid fallout
suppresses the tractive transport of grains therefore inhibit the formation of lamina causing
a structureless deposit. This was demonstrated during a flume experiment conducted by
Arnott and Hand in 1989 where different bedforms were produced under different flow
rates and sediment input. Lithofacies 4 also contain different sole marks, including flute
casts, indicating the presence of a highly erosive unidirectional, turbulent flow before
deposition commenced (Beukes, 1996; Lamb et al., 2008). The mudstone clast present at the
base of lithofacies 4 is interpreted to be ripped up during the early erosive stage of the flow
and transported for a short distance before being incorporated into the sandstone. The
depositional features given above is typically recognized in turbidites (Arnott and Hand,

1989; Mutti et al., 2003; Basilici et al., 2012). Accordingly, lithofacies 4 may be interpreted to
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represent the T, interval in a typical Bouma sequence (Bouma, 1962). However, the
occurrence of structures reflecting an oscillatory flow (see lithofacies 6 and 7) overlying

lithofacies 4 implies the presence of wave action at these depths.

Based on these observations, lithofacies 4 is probably deposited by a waning high-velocity
flow governed by initial erosion and later abundant sediment fall-out. The flow is interpreted

to be unidirectional with the possibility of a small oscillatory component being present.

4.1.5 Lithofacies 5: Planar laminated sandstone

Description:

This lithofacies generally represents the lower or middle part of individual sandstone beds
(e.g. event beds, characterized by a structureless lower division, i.e. lithofacies 4), and
exhibits planar laminated fine to very-fine grained sandstone (Figs 10C and 10D). The
thickness of each laminae is usually less than 0.5 cm and commonly not graded, although
some beds as a whole display weak normal grading. The planar laminated sandstone
commonly transfers upwards into low-angle, weakly undulating lamination, which may be
divided into lamina-set separated by low-angle truncation surfaces. The laminas show
vertical aggradation and may extend laterally throughout the bed length, although it may
occasionally pinch out. This facies may also contain small horizontally aligned mudstone
clasts in the lower division, which are a few millimetres across similar to those found in
lithofacies 4. The facies is typically overlain by HCS sandstone (lithofacies 6), but may also be
capped by combined-flow ripples (lithofacies 7, Fig. 10D). The lower boundary is usually
sharp or erosional, occasionally displaying different scour marks like flute casts and small

gutter casts (Fig. 10E).
Interpretation:

The planar lamination of lithofacies 5 is believed to represent deposition under upper flow
regime conditions where any former structures would be erased (Dumas et al., 2005).
Rapidly migrating bed-load sheets might have caused the thin lamination found present.
Although, it may also be formed under fluctuations in current velocity or sediment load in
conditions where bed load sheets are suppressed (Arnott and Hand, 1989; Duke, 1991;
Myrow et al., 2002). The undulating, low angle lamination observed in this facies, displays

several similarities to the quasi-planar lamination described by Arnott (1993). These
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structures were produced in an flume experiment in a upper plane bed phase under
combined flow conditions with a small unidirectional component (Arnott and Southard,
1990). The various sole marks and rip up mudstone clasts occasionally observed on the base
of the lithofacies (Fig. 10E), indicate erosion by the initial strong unidirectional turbulent
flow, which were later deposited. According to these observations, lithofacies was deposited
by a waning high-energy flow that reached upper flow regime conditions. Similar features
are commonly observed in both storm beds as well as the Bouma sequence (Ty interval),

while the quasi-planar lamination is generally linked to storm-generated currents.

4.1.6 Lithofacies 6: Hummocky cross-stratified sandstone (isotropic vs anisotropic)

Description:

Hummocky cross-stratified sandstone (Fig. 11) is the most prominent feature of the
Andersby and Klubbnasen formations, constituting an important bed division of a typical
vertical facies succession. Both in the Andersby and Klubbnasen formations, the HCS ranges
considerably in both scale and internal stratification geometry. The HCS beds commonly
consist of very fine to fine-grained sandstone, red- to yellowish brown, typically normally
graded comprising 5 to 30 centimetres thick beds (Figs 11A and 11B). Each lamina is
normally 0.2 to 1 centimetre thick, forming undulating parallel lamina sets, which
occasionally separated by surface truncations. The HCS frequently contain rip-up mudstone
clasts towards their base, often displayed together with both loading structures and

frequently flute casts (Fig. 10E).

In the Andersby Formation, the HCS beds extend laterally for several hundred meters
commonly displaying a pinch and swell architecture with a meter scale wavelength (Fig. 11D
and E). The beds are usually found in association with other typical tempestite structures
such as combined flow ripples and quasi-planar/planar lamination. The HCS units are
dominantly isotropic (Fig. 11B), but locally displays a preferred dip-orientation towards west.
As well as being typically non-amalgamated and isolated (Fig. 11D), the beds frequently
grade into soft-sediment deformation structures when traced laterally (Fig. 18). The base is
sharp, normally flat to weakly undulating with the occurrence of flute casts and rare load

casts, particular in thicker beds with quasi- to planar lamination (lithofacies 5) present (Fig.
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11C, Log B5). The upper boundary of a typical HCS unit is usually capped by combined flow-

ripples and occasionally climbing-ripple lamination (lithofacies 8, Figs 13A, 13F and 15E).

The HCS units in the Klubbnasen Formation commonly obtain low-angle undulating (low
angle sigmoidal foresets) lamination with a preferred dip orientation towards east (Fig. 12A,
12B and 12C). These anisotropic HCS beds are typically amalgamated and sharp-based
displaying second order truncation surfaces between the beds sets (10 cm thick). The HCS
units often exhibit a tabular bed geometry, while the bed sets usually are discontinuous with
a pinch and swell geometry of generally small lateral extent (Figs 12A and Fig. 12B). Several
bed sets are observed to split into multiple thinner beds by second order truncations when
followed laterally. Thin siltstone layers (> 2 cm) frequently follows these second order
truncations surfaces and thus separating the HCS beds into isolated units (Fig. 12B).
Horizontally aligned rip-up mud clasts are commonly observed in the lower part of each bed

set (Fig. 12E), although several places only the imprints occur due to recent weathering.
Interpretation:

Hummocky cross-stratification is a well-known sedimentary structure from the literature,
typically interpreted to represent storm-influenced deposition (Harms, 1975; Dott Jr and
Bourgeois, 1982; Myrow and Southard, 1996; Dumas and Arnott, 2006). It is commonly
agreed that HCS is formed by aggradation and migration of 3D bedforms deposited by purely
oscillatory flows or oscillatory-dominated combined-flows (Dott Jr and Bourgeois, 1982;
Arnott and Southard, 1990; Duke, 1991; Hill et al., 2003; Morsilli and Pomar, 2012). In both
the Andersby and Klubbnasen formations, a variety of HCS structures are observed,
reflecting differences in both flow properties, as well as sediment availability and proximity

to the sediment source.

The predominance of isolated HCS beds with erosive bases observed in the Andersby
Formation indicate that the deposition was preceded by strong, erosive unidirectional and
turbulent currents towards east forming eastward flute casts (Myrow and Southard, 1996;
Lamb et al., 2008). The initial erosive stage was followed by deposition of sand and further
reworking by intense oscillatory sheet flows leading to the formation of HCS. Based on the
isotropic to weakly anisotropic character of the beds, the deposition most likely took place

during a waning oscillatory flow with presence of only a weak unidirectional component
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(Morsilli and Pomar, 2012). According to Dumas and Arnott (2006) isotropic HCS is typically
found above, but near storm-wave base in distal settings where the input of sand is mostly
limited to storm events. These types of HCS beds are commonly observed in association with
quasi- to planar lamination (lithofacies 5) as well as combined flow ripples typical tempestite

bed.

In contrast, the Klubbnasen Formation mainly consists of amalgamated and anisotropic HCS
with the presence of abundant rip-up mudstone clast towards their base. The predominantly
anisotropic nature of the HCS indicates that the formation took place under a combined flow
with a sufficient unidirectional component (Ngttvedt and Kreisa, 1987; Arnott and Southard,
1990; Dumas and Arnott, 2006; Grundvag et al., 2020; Jelby et al., 2020). These conditions
led to deposition on the lee side of the HCS and thereby generating dune-like bedforms
migrating eastward. According to Dumas and Arnott (2006) anisotropic HCS similar to those
observed in the Klubbnasen Formation form in proximal settings above storm-wave base
where the unidirectional component is strong enough to generate lamination with a
preferred orientation. The present rip-up mudstone clasts in the lower parts of each bed-set
likely indicate the presence of an erosive current before being transported and later
deposited together with the sand. As well as being anisotropic, several of the HCS of the
Klubbnasen Formation also display amalgamation. The amalgamated beds consist of
multiple stacked bed sets divided by second order truncations and occasionally thin
discontinuous siltstone layers (lenses). This implies that the sand deposited was frequently
exposed to erosion and reworking together with periodically deposition of fair-weather
siltstone (Leckie and Walker, 1982; Cheel and Leckie, 1992). The lateral variation in several of
the HCS units, transferring from amalgamated to isolated HCS, suggests that several of the
HCS units are the product of amalgamation of single storm events (Brenchley et al., 1993).
The amalgamated and anisotropic HCS is thus interpreted to be formed above storm-wave

base in proximal settings where frequent storms led to erosion and reworking of sand.
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Andersby Formation

20 cm

Figure 11. Lithofacies 6. 11A) Amalgamated sandstone beds of HCS and planar lamination. Pocket knife for scale (8 cm). 11B) Closer
view of isotropic HCS bed. Notice the occurrence of combined-flow ripple lamination in the upper left part. 11C) Detailed log from
the Bergelva locality (panel 1) Amalgamated HCS beds is marked with red square. 11D) Pinch-and architecture of isotropic HCS bed.
Red line represents a small fault. Note book for scale (18 cm). 11E) An interpretative sketch of the HCS bed shown in11D.
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4.1.7 Lithofacies 7: Swaley cross-stratified sandstone
Description:

Lithofacies 7 comprises units of fine to medium grained light yellow to light grey sandstone
beds displaying swaley cross-stratification (SCS, sensu Leckie and Walker, 1982). The units
are 0.20 to 0.70 meter thick commonly amalgamated containing bed sets (10-20 cm thick) of
low-angle trough cross-stratification (concave-upward sets) with erosional shallow scours
cutting into the underlying strata (Figs 12B and 12D). The swaley troughs commonly obtain
an asymmetrical profile where the lamina has a preferred dip-direction eastward. Thin
siltstone beds and lenses may be interbedded between certain bed sets (Fig. 12B). Each bed
set displays sharp bases coupled with frequent mudstone clasts (Fig. 12E). The upper surface
is commonly flat to undulated with a sharp transition to the overlying siltstone. Lithofacies 7
is only observed at the Klubbnasen locality in the middle to upper part of the formation,

normally in association with anisotropic HCS (Fig.12A, B, Cand D)
Interpretation:

SCS is commonly found in association with HCS and is interpreted to be genetically related
and deposited by storm-dominated processes above fair-weather wave base (Leckie and
Walker, 1982; Dumas and Arnott, 2006). The low-angle swales characterizing SCS indicate
low aggradation rates, which is a product of higher sediment rates closer to shore (Dumas
and Arnott, 2006). The laminas with preferred dip direction eastward imply the presence of
a weak unidirectional current leading to offshore-directed bed form migration (Ngttvedt and
Kreisa, 1987). In the Klubbnasen Formation, SCS is usually observed overlying or interbedded
with anisotropic HCS, which indicates deposition in shallower water. The presence of only
thin siltstone beds and lenses in between the SCS suggest frequent reworking and removing
of fair-weather deposits by storms. Accordingly, lithofacies 7 is interpreted to be deposited
in proximal settings where frequent storm events occurred obtaining a sufficient
unidirectional current resulting in the formation of lamina with a preferred dip-direction

offshore.

34



4 maImaeHCS S=

Figure 12. Lithofacies 6 and 7. 12A) Overview of amalgamated beds of both HCS and SCS. 12B) Interpretative sketch of 12A. Notice
the thin silt lenses and the occurrence of Swaley troughs. 12C) Amalgamated and gently east-dipping HCS/SCS: 12D) Close-up view
amalgamated SCS and SCS. Notice the occurence swaley-trough marked with arrow. 12E) Mudstone clasts in the amalgamated

sandstone. Pocket knife for scale (8 cm).
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4.1.8 Lithofacies 8: Combined-flow rippled sandstone

Description:

Lithofacies 8 consists of very fine to fine-grained sandstone normally displaying low angle
cross-lamination with slightly asymmetrical to symmetrical rounded crests (Figs 10B, 10D,
13A and 13B). The foresets are usually sigmoidal with a convex-up shape, although
tangential foresets also occur (Figs 13B and 13F). They are usually less than 3 centimetres
thick (13F) and rarely contain more than two sets of ripples. However, a variation of this
lithofacies consists of low-angle climbing ripple cross-lamination usually displaying weakly
asymmetrical rounded crests (Fig. 13C, 13D and 13 E). Their thickness ranges from a couple
centimetres to approximately 15 centimetres, but are usually between 2 to 10 centimetres.
Lithofacies 8 typically overlies either HCS (lithofacies 6) or plane parallel lamination
(lithofacies 5)(Fig. 10B and 10D), but may occasionally overlie massive sandstone (lithofacies
4), especially in the thinner beds. Where the bed planes are visible, they exhibit both 2D and

3D ripple forms, often gradually changing between the two endmembers.
Interpretation:

Lithofacies 8, composed of asymmetrical and rounded crested ripples, displays typical
characteristics of combined-flow ripples (Arnott and Southard, 1990; Yokokawa et al., 1995).
Based on the weak asymmetrical to symmetrical character of the ripples, the flow was most
likely oscillatory dominated waning flow with only a weak unidirectional component present
(Harms, 1969; Myrow and Southard, 1991; Yokokawa et al., 1995; Myrow et al., 2002; Lamb
et al., 2008; Yamaguchi and Sekiguchi, 2010; Basilici et al., 2012) . The sigmoidal form of the
majority of the foresets indicates that wave-generated vortices in the troughs of the ripples
were present during their formation and thus diminishing stoss side erosion (Yokokawa et
al., 1995). The climbing-ripple cross-lamination present in parts of the formations are
indicative of deposition by a decelerating combined-flow with high sediment input favouring
both aggradation and bed form migration (Myrow et al., 2002). Both combined-flow ripples
as well as climbing-ripple cross-lamination similar to those observed are recognized in other
ancient tempestite and turbidite deposits, representing parts of a so called wave-modified

turbidite (e.g. Myrow et al., 2002).
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I:l Siltstone/mudstone

Climbing-ripple
cross-lamination

Figure 13. Lithofacies 8. 13A) Thin sandstone bed containing combined-flow ripples. The lower part display massive stratification. 13B)
Interpretative sketch of Fig. 13A. Notice the foresets (some sigmoidal) with a convex-up shape. 13C) Photo displaying combined-flow rippled
lamination (CCRL), which overlies and underlies massive stratified sandstone beds (lithofacies 4). The upper unit of CCLR is overlying planar
laminated sandstone (PLS, lithofacies 5). 13D) Close-up view of the CCRL in Fig. 13C. 13E) Interpretative sketch of Fig. 13D) Distinctive sandstone
lens displaying combined-flow ripple lamination. Notice the pinch-and-swell architecture of the lens.Pocket knife for scale (8 cm).
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4.1.9 Lithofacies 9: Cross-bedded sandstone

Description:

Lithofacies 9 is characterized by light brown to light yellow, fine to medium-grained
sandstone exhibiting both planar and trough cross-stratification dipping towards east (Fig.
14). It is mainly found in the middle to upper part of the Klubbnasen Formation in distinct,
sharp-based bed sets (Fig. 14A), as well as being a dominant feature in the overlying
Fugleberget Formation (Fig. 14C). The beds are often stacked where each set range in size
from 10 to 50 centimetres with one to two centimetres thick cross-strata (Fig. 14A, B and C).
In the Klubbnasen Formation, the cross-bedded sandstones typically display tabular to
tangential convex-upward foresets where the dip angle typically decreases towards the toe
set (Fig. 14F). The beds are frequently horizontal and tabular, although vertical changes in
both bed architecture and inclination occur. Through cross-bedding (Fig. 14B and 14C) is less
common, but do occasionally occur in association with planar-cross bedding and planar-
bedded sandstone (lithofacies 10). The beds, which rarely exceed 20 centimetres in
thickness, frequently contain rip-up mudstone clasts towards their base. Where the bedding
surface are visible, they frequently display rib-and-furrow structures (Fig. 14D). In the
lowermost part of the Fugleberget Formation, which is situated on top of the Klubbnasen
Formation, both planar and through cross-bedding are observed (Fig.14C). They are typically
thicker (20-50 cm thick) than the cross-bedded sandstone found in the Klubbnasen and is
commonly overlain by planar-bedded sandstone and occasionally weakly laminated

siltstone.
Interpretation:

Lithofacies 9 displays typical structures associated with migration and stacking of both 2D
(tabular/tangential cross-bedding) and 3D (trough-bedding) dunes. Dune migration are
usually generated in a steady, uniform unidirectional traction current where sand grains are
transported and deposited as bedload on the lee side (Bridge et al., 1986). Based on this,
lithofacies 9 is interpreted as having been formed by unidirectional traction currents in an

intermediate flow regime where the supply of sand is adequate to promote dune formation.
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4.1.10 Lithofacies 10: Planar-bedded sandstone

Description:

Lithofacies 10 is relatively rare and only observed in a few beds in the middle part of the
Klubbnasen Formation (Fig. 14B) as well as in the lowermost part of the overlying
Fugleberget Formation (Fig. 14C). The facies consists of fine to medium-grained sandstone
exhibiting centimetre thick plane parallel stratification where the bed surfaces typically
display parting lineation oriented in an east-west trend (Fig. 14E). In the Klubbnasen
Formation the planar-bedded sandstone usually exhibits 10 and 20 centimetres thick bed-
sets interbedded with lithofacies 9, occasionally containing rip-up mudstone clasts towards
their base. The planar-bedded sandstones found in the lower part of the Fugleberget
Formation generally consist of thicker beds (0,4 to 2 meters) typically overlying through-

cross bedding (lithofacies 9; Fig. 14C).

Interpretation:

Based on the presence of parting lineations in lithofacies 10, the planar-bedded sandstone
most likely record deposition under upper-flow regime conditions. In these settings the
formation of ripples and dunes are inhibited, and the planar beds are formed during traction
transport of sand grains along the bed. The parting lineations are formed by microvortices
sorting the sand grains into parallel, elongated ridges (Fielding, 2006; Cheel, 1991). Based on
its stratigraphic position, the presence of unidirectional -dominated structures above and
below, and the lack of wave-generated structures, lithofacies 10 is considered to be
deposited by a unidirectional current. The planar-bedded sandstones within the Klubbnasen
Formation are thus interpreted to be formed in upper-plane bed conditions by unidirectional
currents in nearshore settings where the sand supply is sufficient (Allen, 1984; Cheel, 1990).
While the beds of the Fugleberget Formation are formed under the same hydrodynamic

conditions, but in a fluvial setting.
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Figure 14 Lithofacies 9 and 10. 14A) Cross-bedded sandstone of the Klubbnasen Formation with representative log. Meter stick
for scale (1 m). 14B) Overview of a typical sequence of SCS (lithofacies 7), trough cross-bedding (lithfacies 9) and planar
laminated sandtone (lithofacies 10). Klubbnasen locality. 14C) Typical structures of the Fugleberget Formation. 14D) Bedding
surface displaying rib-and-furrows. Lense cap for scale (5 cm). 14E) Bedding surface displaying parting lineation. Ruler for scale
(20 cm) 14F) Sandstone bed with dune-scale cross-bedding. Notice the decrease in dip-angle towards the toe. Ruler for scale (20

cm).



Table 1. Summary of lithofacies.

LITHOFACIES DESCRIPTION INTERPRETATION FACIES SKETCH
1 Laminated siltstone and mudstone Tabular units of laminated siltstone and Hemipelagic fallout sporadically interrupted
mudstone with scattered cm-scale sandstone by minor deposition of sand from weak e ———
lenses, some displaying wave ripple or oscillatory flows and oscillatory combined- |
combined-flow ripple cross-lamination. Sand- flows. Deposition took mostly place below == —
filled syneresis craks occur frequently in some storm wave base (SWB). Syneresis cracks — ———
horizons. may be caused by fluctuating palaeosalinity E — —
Thickness: 0.1to 2 m stress or de-watering triggered by wave- P 2cN
induced stress or seismic shocking.
2 Interbedded sandstone/siltstone Interbedded very-fine grained sandstone and Hemipelagic fallout frequently interrupted by
siltstone units. The sandstone beds are lenticular  deposition of sand from dominantly e
commonly containing planar lamination and combined-flows governed by storms and == —————
combined-flow ripple cross-lamination or less turbidity currents above SWB. 1
commonly wave ripple cross-lamination. Ball- — 0 ==
and-pillow structures occur locally. = —— oen
Thickness: 0.1to 1 m
3 Hummocky cross-stratified siltstone Isotropic hummocky cross-stratified (HCS) and Erosion and deposition by storm generated — -
low-angle laminated sandy siltstone with a weak  high to medium speed oscillatory combined- ;\\’ & :J ﬁ
pinch-and-swell bed geometry and abundant flows with relatively high aggradation rates. }—Q A
dewatering and ball-and-pillow structures. Internally truncations represents reworking 2/'/’_—/\/:_\’}
Internal second-order truncations (sensu Dott & by several storm events and/or fluctuation in — —————————
Bourgeois, 1982) occur sporadically. the storm-produced flow. —— oo
Thickness: 0.2 to 2 m
4 Massive sandstone Tabular, non-graded to normally graded Erosion by strong unidirectional to
structureless very-fine to fine grained sandstone  unidirectional dominated turbulent currents
beds with erosional bases containing frequent preceded by deposition from waning flow
flute casts. with high aggradation rates where the - -
Thickness: 2 to 15 cm tractive transport is suppressed. . R
ARG | =
5 Planar laminated sandstone Planar and quasi-planar laminated (sensu Arnott,  Erosion by strong unidirectional to
1993) very-fine to fine grained sandstone unidirectional dominated currents followed
occasionally containing mudstone clasts and by deposition from high waning
flute casts. unidirectional to combined-flows with high
Thickness: 2 to 30 cm aggradation rates. Any potential bedform e —

would be erased, resulting in flat beds.

-

-

—2cnf
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6 Hummocky cross-stratified Isotropic to anisotropic HCS very-fine to fine Formed by aggradation and migration of 3D
sandstone grained sandstone beds containing frequent bedforms deposited by strong to
mudstone clasts and occasionally flute casts at intermediate waning oscillatory to oscillatory
their base. The isotropic hummocky cross- dominated currents. Deposition may be
stratified sandstone usually display distinct preceded by strong, erosive unidirectional
pinch-and-swell geometry. Soft-sediment currents.
deformation structures are common. The HCS
are frequently capped with combined-flow
ripple.
Thickness: 5 to 30 cm
7 Swaley cross-stratified sandstone Swaley cross-stratified (SCS, sensu Leckie & Generated by storm induced currents
Walker, 1982) fine to medium grained sandstone  commonly above fair-weather base / %’/
beds containing abundant mudstone clasts and (overlying HCS) with a lower aggradation I
soft sediment deformation structures. The beds rates due to higher sediment transport rates —bﬂ%
are commonly amalgamated with erosive low- closer to shore. %
angle stratification. J fscr
Thickness: 5 to 30 cm —— =
8 Combined-flow rippled sandstone Low-angle cross-laminated very-fine to fine Formed by waning oscillatory dominated P NS ——
grained sandstone with asymmetrical rounded combined-flows with wave-generated Al T /\\>
crests and sigmoidal, convex-up foresets. Sets of  vortices in the foresets. Decelerating o= \/\\\-‘?/\,‘\\\\/\\
climbing-ripples occur locally. combined-flow with high sediment input &\\\\ -/\?@ ——
Thickness: 1 to 15 cm favouring aggradation and bed form & /\x
migration results in the formation of
clif'\bing-ripple cross-lamination. esTh S Zon
9 Cross-bedded sandstone Both planar (tabular/tangential) and trough Generated by steady and uniform
cross-bedded fine to medium grained sandstone.  unidirectional currents in an intermediate —_—
Soft-sediment deformation structures (e.g. flow regime. Sand grains deposited as = = = ~
convolute bedding, de-watering structures) and bedload on the lee side of migrating two-
rip up mudstone clasts occur frequently. dimensional and three-dimensional. = = <
Set thickness: 10 to 50 cm \
10c
10 Planar-bedded sandstone Planar-bedded medium grained sandstone with Formed by unidirectional currents in upper-

parting lineations (on bed surfaces) and rip up
mudstone clasts.
Thickness: 0.4to 2 m

flow regime conditions.
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4.2 Facies associations

Based on the lithofacies analysis (summary Table 1), four facies associations are recognized
within the investigated formations at the five different locations. These are described and
interpreted below. The different facies associations are presented and interpreted in terms
of depositional environment, from distal to proximal settings. The Klubbnasen and Bergelva
localities only contain FA1 and FA2 (Figs 18 and 19), while all FAs occur in the Klubbnasen
locality (Fig. 21).

4.2.1 Facies association 1: Offshore
Description:

Facies association 1 (FA1) mainly consists of parallel laminated mudstone and siltstone
(lithofacies 1) as well as rare interbedded sandstone, both lenses and thin beds (lithofacies
2). The association is recognized in the lowermost part of both the Klubbnasen (Fig. 21) and
Andersby formations (Fig. 18) making up respectively two upward-coarsening units. In both
the Bergelva and Vadsg locations, FA1 rarely exceeds a thickness of 1.5 metres, while at the
Klubbnasen location, it may obtain a thickness of up to three metres. The facies association
contains few well-developed sedimentary structures with the exception of planar lamination
(Fig. 9A) and rare combined-flow- (Fig. 9C) and wave ripples in sandstone lenses and beds
(<2 cm, Fig. 9G). However, the majority of the sandstones appear to be structureless or
display very weak developed planar lamination. The sandstones are commonly restricted to
the upper part of the facies association, especially at the Vadsg location where FA1 is
dominated by highly homogenous laminated mudstone and siltstone throughout the lower
and middle part of the facies association (Fig. 9A). Rare isolated ball-and-pillow structures
are recognized in the middle to upper part at all three localities. They are commonly <15
centimetres in diameter and occasionally display well preserved internal structures with a
concave-upward stratification towards their margin (Fig. 24). FA1 obtains a gradational
transition to the overlying FA2 where the sandstone beds gradually increase in both number

and thickness upwards (Fig. 21).
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Interpretation:

Based on the predominance of laminated siltstone, FA1 is interpreted to be deposited in an
outer shelf setting below main storm-wave base. The laminated siltstone represents
prolonged periods of fair-weather deposition (Brenchley et al., 1986), while the presence
combined-flow ripple and wave ripples in coarser lenses and thin beds as well as massive
beds mark a significant increase in energy associated with either distally waning storm
events (Myrow, 1992; Einsele, 2000) or dilute, low-density turbidity currents (Bouma, 1962;
Myrow et al., 2008). Distinguishing these processes may be problematic as their distal
deposits display several similarities both in architecture and sedimentary structures.
Although, several of these beds, both structureless and rippled, may represent a
combination of both storm- and turbidity currents, respectively wave-modified turbidites
(Mutti et al., 1996; Myrow et al., 2002; Lamb et al., 2008). Similar deposits are observed in
several ancient offshore environments (e.g. Lamb et al., 2008). The ball-and-pillow structures
commonly found in the upper part of the facies association indicate the existence of a
reversed density gradient (sandstone overlying siltstone) accompanied with a trigger
mechanism (Rossetti, 1999). FA1 is consequently considered to represent an outer shelf
depositional environment where only rare storm events and turbidity currents affected the

sea floor.
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Figure 15. Overview photo from the Bergelva locality displaying the typical characteristics of a prodelta succession (FA2), which is correlated
with log B3 (Fig. 17 and 18). White triangles indicate a fining to coarsening upward trend. Meter stick for scale (1 m).

4.2.2 Facies association 2: Storm-influenced prodelta deposits
Description:

Facies association 2 (FA2) comprises 0.5 to 4 m thick upward coarsening and occasionally
upward fining units of laminated sand-streaked siltstone (heterolithics, <100 cm) (lithofacies
1 and lithofacies 2) and both thin and thick interbedded sandstones, sporadically interrupted
by beds of hummocky cross-stratified/deformed sandy siltstone (<70 cm, lithofacies 3) (Figs
15 and 16F). FA2 is normally restricted to the middle and upper successions of the Bergelva
(Figs 15 and 18) and Vads¢ locality (Figs 35 and 36), whereas in the Klubbnasen locality, FA3
primarily makes up the lower to middle part (Fig. 21). Both the thin-bedded and thick-
bedded sandstones are typically lenticular or tabular and increases in both thickness and
number upwards in the units (Figs 16 and 19). In the Andersby Formation (Bergelva and

Vadsg locality) these beds can be traced laterally for tens of meters throughout the extent of
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the outcrop with a meter-scale wavelength (Figs 19 and 36). The sandstone beds are
normally graded with sharp to erosional bases typically containing flute casts of various sizes
and rare load casts. The thin-bedded sandstones (2-10 cm thick) commonly obtain a lower
massive base (lithofacies 4) and/or planar lamination (lithofacies 5) frequently capped with
combined-flow ripples (lithofacies 8) at the top (Fig. 9C). Locally, HCS occur. Thin sandstone
beds with wave ripples are sporadically observed in all three localities, typically in the lower
part. The thick-bedded sandstone of FA2, dominates the middle to upper part of the facies
association, are 10 to 40 centimetres thick constituting a diversity of lithofacies (Fig. 10A,
10B, 10D, 11B, 16C, 16D and 16E). The majority of these sandstone beds exhibit a typical
vertical stacking pattern consisting of a lower structureless division (lithofacies 4) grading
upwards into planar to quasi-planar lamination (lithofacies 5) and HCS (lithofacies 6
frequently capped with combined-flow ripples and rare climbing-ripple lamination
(lithofacies 8). The beds commonly display variations in the typical bed architecture, which
may lack one or more interval. In some cases, certain lithofacies (e.g. planar lamination
(lithofacies 5)) may also be repeated in the bed sequence. Overall, the thick sandstone beds
typically increase in concentration upwards in the formations, especially at the Klubbnasen
locality (Fig.19 and 21) where they also have a tendency to become amalgamated (Figs 12A,
12B, 12C, 12D, 12E). However, the sandstone beds of the Klubbnasen locality typically obtain
a simpler bed architecture, normally displaying only planar to quasi-planar lamination or
anisotropic HCS (Fig. 12A and 12B). At the Bergelva locality the sandstone beds are usually
gradually deformed eastward (Fig. 17 and 18), displaying both syn-sedimentary faults (Fig.
31) and soft sediment deformation structures such as different load structures and
convolute lamination (Fig. 25). Similar trends are also present at the Vadsg and Klubbnasen
localities, but at the Vadsg locality the sediments are usually severely deformed (Fig. 36).
FA2 is also characterized by a sparse number of HCS sandy siltstone units (lithofacies 3, Figs
9E, 9F and 18), which are restricted to the lower and middle part of the FA2, typically
overlying laminated siltstone/mudstone with an erosive base. SSDS (e.g. ball-and-pillow
structures) associated with liquefaction and fluidization processes together with the
presence of rare meter-scale erosive scours occur throughout the facies association. In all
three localities, FA2 is transitionally overlying the fine-grained offshore facies association

(FA1) (Fig. 21).
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Figure 16 Representative photos of facies association 2 (prodelta). 16A) Panorama of.prodelta successions at the Bergelva locality. Notice
the pinch-and-swell geometry of the isolated event beds. 16B) Close-up view of event beds showing undulating to planar laminatation. 16C)
Close-up view of bed architecture of the event bed with a massive base (lithofacies 4) overlain by planar- to quasi-planar lamination
(lithofacies 5) capped with combined-flow ripples (lithofacies 8). Pocket knife for scale (8 cm). 16D) Interpretative sketch of 15C. 15E) Event
bed capped with combined-flow ripples (lithofacies 8). Notice the rounded crests. 15F) Log B4 of the section (see Fig. 17 and 18 for overview).
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Interpretation:

The heterolithic nature of FA2, together with the presence of thick bedded sandstones,
indicate a depositional environment with frequent alternations between hemipelagic fall-out
and deposition governed by storm-generated currents combined with rare dilute, low-
density turbidity flows. The thin sandstone beds are considered to have been formed during
weak/distal storms capable of emplacing sand and silt in suspension clouds and transporting
it onto the shelf before being deposited during the waning stage (Dott Jr and Bourgeois,
1982; Nelson, 1982; Myrow, 1992). Based on the occurrence of flute casts together with
HCS, some of these beds may also be associated with a combination of both turbidity
currents and later reworking by storms. The seafloor was also frequently disrupted by more
violent storms leading to the generation of the thicker sandstone beds observed dominating
the middle to upper part of the FA2. These beds obtain classical features of event beds
generated mainly by storm-ebb surges (e.g. Dott Jr and Bourgeois, 1982; Cheel, 1991; Duke,
1991; Brenchley et al., 1993; Myrow, 2005; Morsilli and Pomar, 2012). Deposition of these
types of beds was most likely preceded by deep bottom scour suggesting the presence of an
initial powerful unidirectional current eroding the sea floor originating from either strong
downwelling currents related to coastal set-up during storms or gravity flows (e.g. turbidity
currents and hyperpycnal flows) (Myrow et al., 2002; Pattison, 2005; Lamb et al., 2008).
Erosion was followed by transport and deposition of sand onto the shelf forming the typical
vertical bed sequence consisting of a massive base, followed by planar- to quasi-planar
lamination, HCS and combined-flow ripples. The frequent occurrence of this typical vertical
bed sequence, as well as dominantly isotropic HCS indicate the presence of a waning
oscillatory-dominated combined-flow during accumulation, while the initial unidirectional
rapidly waned (e.g. Southard et al., 1990; Arnott and Southard, 1990; Myrow and Southard,
1991). The presence of different stacking patterns within different bed sequences is believed
to be a result of hydrodynamic variations during transport and deposition. Similar vertical
bed sequences are observed in several ancient deposits around the world (e.g. the Hatch
Mesa succession (Pattison, 2005), Utah, USA and Starshot Formation, Antartica (Myrow et
al., 2002)) and are interpreted to be wave-modified turbidites (e.g. tempestites) typically
identified in prodeltaic settings. The lack of pure oscillatory structures capping the beds

indicate that post-depositional reworking by waves rarely occurred in this environment. FA2
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normally represents upward-coarsening successions indicating an upward increase in energy
and thereby a prograding and shallowing environment. The common occurrence of SSDS
(e.g. ball-and-pillow structures and convolute stratification) is indicative for an environment
exposed to high sedimentation rates, which is typical deposition in prodeltaic environments
(Bhattacharya and Davies, 2001). The depositional feature characterising FA2 is consistent
with deposition in storm-dominated prodelta, where frequent storms and gravity-driven

processes emplaced and reworked sands.
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Figure 17. Figure 17 Detailed,sedimentological logs of the Bergelva localty, Andersby Formation, representing a mainly
prodeltaic deposits displaying regressive conditions. FA1 is only represented in the lower part of log B1 and B2. The logs
are numbered from west to east.

Figure 18. A 340 meter long panel of the Bergelva locality showing both vertical and lateral distribution of the typical
event bed, in addition the fair-weather lithofacies and deformed units in the lower part. Notice the increase in

deformation of the event beds towards east. The sedimentological logs of Fig 17 are marked with corresponding
numbers.

4.2 .3 Facies association 3: Storm-influenced delta front
Description:

Facies association 3 (FA3) is characterized by stacked tabular to lenticular beds of both non-
amalgamated and amalgamated fine to medium grained sandstone (<40 cm) and frequent
lenses and thin beds of laminated and rippled siltstone (< 50 cm). The association is only
observed in the middle to upper part in the Klubbnasen locality (Fig. 21, Klubbnasen
Formation) making up an approximately three meters thick overall upward-coarsening unit.
The amalgamated sandstone commonly displays interbedded anisotropic HCS (lithofacies 6)
and SCS (lithofacies 7) (Figs 12A, 12b, 12C and 12D) with abundant mudstone intraclasts at
their base (12E). The sandstone beds typically contain several internal truncation surfaces
(Fig. 12B) and record migration toward the east. When traced laterally eastward, the
amalgamated bed sets commonly thins and divides into isolated units separated by siltstone
lenses/beds (Fig. 19). In contrast, when traced toward west, the anisotropic HCS lamina
changes to a predominant preferred dip-direction eastward, resembling sigmoidal cross-
bedding. A unit of stacked light-grey fine to medium grained sandstone beds (<20 cm) is
observed in the western part of the Klubbnasen outcrop (Figs 14A, 14B, 19 and 20A). The
unit includes both tangential- and trough-cross sets (lithofacies 9) and inclined planar
bedding (lithofacies 10) (Figs 20B and 20C). These sandstone beds are typically wedge- to
tabular shaped frequently capped by millimetre thick beds or lenses of laminated siltstone
(lithofacies 1). Plan-view exposures of the stacked beds frequently displays characteristic rib-
and-furrow structures (Fig. 14D) with a migration direction eastward. Several of the units of
cross-bedding display both erosional scours and syn-sedimentary faults (Fig. 30) with a dip
direction towards east. The syn-sedimentary faults are restricted to a 0.5 meter thick unit
overlain by non-deformed cross-bedded sandstone. FA3 also include several other soft-
sediment deformation structures, such as load structures and convolute/contorted
stratification. This facies association also comprises a large-scale filled scour truncating into

an apparently massive sandstone unit with pinch and swell beds. The scour is tens of
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centimetres deep and several meters wide filled with muddy siltstone containing numerous
ball-and-pillow structures of sandstone. The sandstone beds of tangential- and through
cross-bedding and planar bedding with siltstone partings overlies the siltstone-filled scour.
Although uncommon, climbing ripple cross-lamination may be seen sporadically throughout

FA3.

Interpretation:

Based on the occurrence of sandstones displaying structures affected by both oscillatory and
unidirectional flows interbedded with units of laminated to rippled silty sandstone, FA3 is
interpreted to represent delta front deposits in a wave-dominated setting. The silty
sandstone exhibiting both planar-lamination and ripples indicates that deposition
predominantly took place immediately above fair-weather wave base (FWWB) where wave
currents were able to promote sediments motion (Pemberton et al., 2012). The anisotropic
nature of the HCS in FA4 suggests that deposition took place from an intermediate
oscillatory flow with a sufficient unidirectional current leading to bed form migration (Duke,
1991; Dumas et al., 2005; Dumas and Arnott, 2006). The unidirectional component of the
flow may have its origin from coastal set up leading to downwelling storm flows (Duke, 1991;
Myrow and Southard, 1996) or density induced currents down the delta front (Myrow and
Southard, 1996). Additionally, the amalgamation of the anisotropic HCS beds potentially
reflects frequent reworking of both event beds (internal truncations) and fair-weather
deposits based on the presence of truncations. The amalgamated units are thus interpreted
to be produced by multiple storm events generating strong erosive flows, both
unidirectional and oscillatory, transporting and depositing considerable amount of sand
leading to both vertical aggradation and bed form migration (Cheel and Leckie, 1992; Cheel
and Leckie, 2009). The amalgamated beds have a tendency to laterally grade into thinner
beds separated by thin beds of silty sandstone/sandy siltstone reflecting deepening towards
east. The predominance of cross-bedded sandstone in in the upper part of FA3 is indicative

for a prograding, proximal delta front overlying the prodelta deposits of FA2.
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Figure 19. 19A) Panorama displaying distal to proximal facies associations (FA2-FA3), Klubbnasen locality. White triangle
indicate a coarsening-upward trend. 19B) Close-up view of FA3. 19C) Close-up view of FA2.

The delta front was affected by both fluvial- and gravity driven processes (delta front
instabilities) based on the occurrence of current-dominated structures, syn-sedimentary
faults and scours (Rge, 1995; Coleman et al., 1998a; Coleman et al., 1998b). The occurrence
of sandstones containing cross- and planar bedding are attributed to offshore-directed
migration of subaqueous dunes (both 2D and 3D dunes ) (Best, 2005) formed as mouth bars
or in terminal distributary channels (Olariu and Bhattacharya, 2006). Small
scours/truncations between some of the cross-sets indicate that the dunes were formed in
an environment with repeated erosion, while the frequent interbedded siltstone likely
characterises significant variations in river discharge over time. Additionally, the large scour
structure observed in FA3 may be attributed to major erosion by larger gravity flows
(slumps) associated with an unstable delta front (Bhattacharya and Davies, 2001). Although,
they may also be the result of erosion from hyperpycnal flows originating from distributary
channels on the delta front (Pattison et al., 2007; Eide et al., 2014). The apparent lack of
wave-formed structures in the upper part of FA3 indicate deposition characterized by either
a high unidirectional flow suppressing any oscillatory flow or deposition in a wave-sheltered

setting (Bowman and Johnson, 2014).
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Figure 20. Sandstone beds of the upper part of the Klubbnasen Formation displaying both cross-bedding (lithofacies 9) and planar bedding (lithofacies 10)
likely reflecting a delta front succession. 20A) Medium-grained stacked sandstone beds with frequent cross-and planar-bedding and deformed
stratification. Deformation typically increases towards east. 20B) Dune scale low-angle cross-bedding. 20C) Planar cross-bedding. Notice the distinct
difference in dip-angle and geometry between the cross-bedding in fig. 20B and 20C. Note book for scale (18 cm).

4.2.4 Facies association 4: Braided river deposits
Description:

Facies association 4 (FA4) is recognized in the lower part of the Fugleberget and Paddeby
formations at the Klubbnasen, Paddeby and Vadsgya localities (Figs 2C, 21 and 22), marking
a drastic change in lithology from siltstone dominated units to beds of medium-grained
sandstone, and thus represent the stratigraphic boundary between the Klubbnasen and
Fugleberget formations, and the Andersby and Paddeby formations. Considering this facies
association is not recognized in neither the Klubbnasen nor Andersby formations, it is only
described superficially in order to achieve knowledge about the stratigraphic relationship
between the two formations and the overlying units (i.e. the Fugleberget and Paddeby

formations, respectively). The association consists of medium-grained thick sandstone beds

56



and rare thin siltstone beds (Fig. 15C). The sandstone beds range in thickness from 50 cm to
200 cm with an average thickness of 60 cm. FA4 is dominated by medium- to large-scale
cross-bedding (F10; both through- and tangential cross-bedding) as well as planar bedded
sandstone (F11) and occasionally laminated siltstone (F1). Parting lineations are frequently
observed on bedding planes of the planar bedded sandstone displaying a paleocurrent
direction representing east-west (Fig. 14D). Additionally, a single occurrence of a 50 cm thick
bed of contorted to massive sandstone is identified in the middle of the unit. It consists of
weak convolute bedding with vergence and does not continue into the underlying or

overlying beds.
Interpretation:

The stratigraphic position of FA4 on top of FA2 with an erosional contact, together with the
abundant cross-bedded sandstones and absence of wave-generated sedimentary structures,
suggest that this unit is of fluvial origin. This is also supported by the predominate
aggradational character of the units, which is typical for fluvial deposits (e.g. Jensen and
Pedersen, 2010). The medium- and large-scale cross bedding together with planar bedding
implies deposition by medium- to high-velocity currents carrying considerable amount of
sediments in suspension (Miall, 1977; Rge, 1995; Cant and Walker, 1978). The cross-bedded
sandstone represents both the migration of 2D and 3D dunes of different scale (Best, 2005),
while the planar strata and parting lineations most likely has it origin from currents of upper
flow regime (Allen, 1983). The single occurrence of a deformed to massive sandstone bed is
attributed to suggests local liquefaction (Owen, 1996). Similar successions are commonly
associated with braid plain deposits consisting of different architectural elements such as
channels, bars and dune complexes (Hjellbakk, 1997; Cant and Walker, 1978; Williams and
Rust, 1969). This interpretation is also consistent with former studies of the Fugleberget

Formation (Rge and Hermansen, 1993; Hobday, 1974; Rge, 1987; Rge, 2003).
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Figure 21. Detailed sedimentological log of the Klubbnasen locality (Fig. 3C for location). The upper seven meters of the log
represent the lower part of the Fugleberget Formation (consisting of FA4). Notice the sharp boundarie between the two
formations at 21.5 meters.LS: lateral step in the log.
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4.3 Stratigraphic development of the Klubbnasen and Andersby formations

The Klubbnasen Formation:

The Klubbnasen Formation can be divided into depositional units (K1 and K2) reflecting an
overall upwards-coarsening and upward-shallowing depositional environment. Both the
lower unit K1 and the upper unit (K2) can be traced across the Klubbnasen locality. Together
the two depositional units makes up the Klubbnasen Formation (Fig. 22), which is restricted

to the top by the Fugleberget Formation.

Outer shelf deposits (FA1), storm-influenced prodelta deposits (FA2) and storm-influenced
delta front deposits (FA3) together form the K1 unit, displaying an overall distal to proximal
trend. The lowermost part of K1 is approximately two meter thick consisting of outer shelf
deposits (FA1) displaying limited variations in facies distribution (lithofacies 1 and lithofacies
2). The siltstone dominated FA1 is overlain by an upward-coarsening FA2 deposits, which
makes up the majority of the K1 (8 m thick, Klubbnasen locality (Fig. 2C). The FA2 record a
larger range of lithofacies, where the storm-emplaced lithofacies are dominating the upper
part (Fig. 19). A two meter-thick interval within the FA2 contain abundant soft-sediment
deformation structures (e.g. ball-and-pillows), which are bounded by undeformed
sediments. The deposits of FA2 grades upwards into delta front deposits (FA3) which marks
the upper and last interval of the lower depositional unit (K1). The FA3 deposits are
characterized by sandstone beds, grading upwards from wave-influenced structures (HCS
and SCS) to unidirectional-dominated structures (i.e. cross-bedded sandstone). Prodeltaic
deposits (FA2) sharply overly the cross-bedded sandstone of FA3, marking the onset of the
next depositional unit (K2). The contact between K1 and K2 is interpreted to be a marine
flooding surface recording an abrupt deepening of the lithofacies assemblage from cross-
bedded sandstone (FA3) to interbedded siltstone and sandstone (FA2) (Fig. 21). The
relatively thin depositional unit (K2) overlying the marine flooding surface mainly consists of

FA2 deposits dominated by thin to medium thick sandstone beds interbedded with siltstone.
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The K2 is bounded to the top by a sharp and erosional surface marking the formation
boundary between the Klubbnasen Formation and Fugleberget Formation (FA4; braided
river deposits; Fig.22). Based on the abrupt shift form marine to fluvial environments the

boundary is believed to represent a subaerial unconformity.

Fugleberget Formation

...LSica 100m

Kiubbnasen Formation

Figure 22. The stratigraphic boundary between the Klubbnasen and Fugleberget formations, Klubbnasen locality. Red line in photo marks a
brittle normal fault of much younger age than the investigated succession). A vertical log of the upper part of the Klubbnasen Formation
and lower part of the Fugleberget Formaiton. Red line marks the formation boundary.
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The Andersby Formation:

The Andersby Formation shares many similarities with the Klubbnasen Formation and can be
divided into two depositional units (Al and A2). The formations contain deposits of both FA1
and FA2 where the storm-influenced prodelta deposits (FA2) are volumetrically the most

important FA within the Andersby Formation, making up the majority of the thickness.

The lower depositional unit of the Andersby Formation (A1) can be traced across both the
Bergelva locality and the Vadsg coastal section (Figs 2C, 18 & 36) indicating a large lateral
extent of the unit. The lower part of Al consists of fine-grained deposits of outer shelf FA
origin (FA1), which grades upwards into more sandier deposits of FA2 reflecting an overall
prograding depositional environment. The overlying storm-induced prodelta deposits (FA2)
are characterized by thicker sandstone beds (i.e. event beds), which are coupled with
abundant soft-sediment deformation structures (Fig. 17). The number and thickness of the
sandstone beds, typically attributed to storm-events, gradually increases upwards in unit.
The top of the lower depositional unit (A1) is defined by an abrupt transition to the overlying
finer-grained outer shelf deposits (FA1) marking the onset of the next depositional unit (A2).
The sudden change in lithology, from sand-rich lithofacies to mudstone/siltstone-dominated
lithofacies, most likely represent a marine flooding surface. The thinner and less developed
A2 overlying the flooding surface consists of a relatively homogenous deposit of mainly

siltstone/mudstone of outer shelf (FA1) origin (Fig.23).

The fine-grained upper depositional unit (A1) of the Andersby Formation is unconformably
truncated by stacked units of thick sandstone beds representing the stratigraphic boundary
between the Andersby Formation and the Paddeby Formation (FA4) (Fig. 23). Based on the
abrupt shift form marine to fluvial environments the boundary is believed to represent a

subaerial unconformity.
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Figure 23. The stratigraphic boundary between the Andersby and Paddeby formations, Paddeby locality.
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4.4 Soft-sediment deformation structures (SSDS)

Both the Klubbnasen and Andersby formations contain frequent soft-sediment deformation
structures (SSDS), which morphologically vary in both size and style of deformation when
traced laterally and vertically. Determining the deformation mechanism and driving force of
the SSDS occurring in the investigated sections are important for understanding the
processes and depositional environments under which the Klubbnasen and Andersby
formations were formed. The SSDS occur in multiple stratigraphic intervals of the two
formations, typically alternate with non-deformed layers. The SSDS typically occur in
sandstone beds, although, some siltstone beds also display contorted and folded beds. The
dominant SSDS structures in the Klubbnasen and Andersby formations will be described and
interpreted below. Additionally, a lateral extensive unit consisting of various SSDS occurring

in the Andersby Formation at the Vadsg locality will be further elaborated and interpreted.

4.4.1 Load structures
In both the Klubbnasen and Andersby formations, load structures (Fig. 24) of different

morphologies occur frequently, representing the most commonly observed SSDS. The load
structures typically occur as ball-and-pillow structures and load casts consisting of reddish-
brown, very-fine to fine-grained sandstone fully or partly encapsulated by siltstone or
mudstone. The ball-and-pillow structures are detached (i.e. from its associated bed base)
load structures varying in sizes from only a couple of centimetres to tens of centimetres in
diameter. They frequently occur as irregular pillows, either isolated or connected, and are
fully surrounded by contorted mudstone or siltstone (Figs 24A, 25C and 25D). In addition,
numerous meter-scale ball-and-pillow structures occur at the Vadsg locality (Fig. 31).
Although severely deformed, several of the ball-and-pillow structures contain well-
developed internal structures, such as planar-laminations, ripple cross-lamination and
occasionally HCS, which normally turns concentric towards their outer contour (Fig. 24B and
25E). Piled load-casted ripples occur sporadically (Fig. 25F). These are typically rotated and

underlying partly preserve deformed internal cross-laminations.
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At the intersection between very-fine to fine-grained sandstone beds and
siltstone/mudstone beds load casts occur frequently. These features are attached to the
base of the overlying sandstone beds and are typically observed in association with flame

structures. The flame structures typically consist of upward-pointing siltstone flames.

Locally, the flame structures exhibit an inclination towards east (Figs 25A and 25B).

Andersby Formation

Figure 24. Figures show the deformed unit with abundant ball-and-pillow structures, Andersby Formation, Vadsg locality 24A) An overview of
ball-and-pillow structures in partly deformed sandy siltstone with HCS (lithofacies 3). 24B) Close up of ball-and-pillow structure containing
internal structures resembling cross-lamination. 24C) An interpretative sketch of the ball-and-pillow structure shown in Fig.24B. The red line
marks a syn-sedimentary fault. Pocket knife for scale (8 cm).
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Interpretation:

Load structures are well-known soft-sediment deformation structures from the literature,
which are formed in response to either an unstable density inversion between two
contrasting layers (e.g. sand and silt) or from lateral variation in load (e.g. ripples) (Allen,
1982; Owen, 2003). The formation of the load structures is commonly initiated by a drastic
reduction of shear strength or in response to liquefaction and fluidization processes. If the
deformation is adequately intense, isolated ball-and-pillow structures may be formed. There
exist different causes for load-induced deformation and several trigger mechanism such as
storm waves, earthquakes or overloading may lead to liquefaction of the upper denser layer
and thus generating a gravitational readjustment resulting in the formation of load
structures, including flames (Molina et al., 1998; Moretti et al., 2001; Alfaro et al., 2002;
Owen, 2003). The presence of piled load-casted ripples indicate lateral variation in load
caused by thickness differences in the overlying rippled sandstone bed, which may have
undergone loading during continuous deposition of the ripples (Owen, 2003). The common
occurrence of flame structures indicates the presence fluidization processes during
deformation. The less dense layer (siltstone/mudstone) will normally migrate upwards due
to fluidization of the underlying sediments and thus creating water escape-structures (sensu
Lowe, 1975) such as flame structures (Owen, 2003). Several of the flames and load casts
obtain an inclination towards east, which is probably related to a component of horizontal
shear during deformation. Contrasts in sediment density alone are probably not efficient
enough in creating load structures, as evident by the presence of the many beds with no
load structures. Therefore, a trigger mechanism most likely has attributed to the

deformation in combination with a density contrast (Berra and Felletti, 2011).
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Figur 25. 25A & 25B) Flames structures with a vergence towards east. 25C) Overview photo of both large and small ball-and-pillow structures.
Note book for scale (18 cm). 25D) Closer-view of the small ball-and-pillow structures. 25E) Ball-and-pillow structures with well-developed
internal structures. Pocket knife for scale (8 cm). 25F) Loaded ripples with partly preserved combined-flow ripple lamination.
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4.4.2 Convolute and contorted lamination/bedding (deformed lamination)
Convolute and contorted lamination occur frequently within intervals of sandy siltstone and

very-fine to fine-grained sandstone (Figs 26A-F). The structures are normally restricted to
certain intervals (e.g. sandstone event beds) commonly underlain and overlain by
undeformed finer-grained deposits (Figs 26 A, 26E & 26F). They are observed in all three
localities (and both the Klubbnasen and Andersby formations) and vary in both scale and
degree of distortion, from mildly disrupted to complete loss of primary stratification (Figs
26A & 26E). The convolute and contorted units are 5 cm to 50 cm thick commonly affecting
the whole bed where the magnitude of distortion typically increases towards east.
Convolute lamination characterized by complex and overturned lamination (Fig. 26D),
asymmetric folds and heavily contorted lamination are typically restricted to sandy siltstone-
and sandstone beds (both thin-bedded and thick-bedded; 5 cm to 50 cm thick) in the
Andersby Formation. The folds range from open to close, exhibiting both antiforms and
synforms, where some antiforms may be tilted in the downcurrent direction (eastward) (Fig
32). The convolute and contorted lamination are frequently observed in association with
ball-and-pillow structures and oriented flame structures, as well as occasionally mudstone
clast and clastic dykes. The deformed units containing convolute and contorted lamination
may extend laterally for several meters and occasionally several tens of meters, typically
affecting the whole length of the exposed bed. Similar convolute and contorted structures
are also observed at the Klubbnasen locality where they usually are restricted to sandstone
beds throughout the succession. Although, the degree and magnitude of deformation
appears to be lower in this locality. Small-scale convolute lamination (Figs 26A & B), which
may affect single thin beds or several interbedded sandstone and siltstone beds, is typically
observed within some units where they display discontinuous and sinuous lamination
occasionally containing small-scale syns-sedimentary faults (Figs 30A & 30D). In addition, the
lower unit of the Fugleberget Formation (Fig. 21) contains sandstone beds displaying
complex and overturned cross-bedding, achieving the shape similar to recumbent folds,

which laterally transfer into complete loss of stratification (Fig. 26G).
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Figure 26. Convolute and contorted stratification in sandstone,the Klubbnasen and Andersby formations. 26A) Small-scale
convolute lamination and fluid-escape structures in the Vadsg locality. The layer is partly liquefied indicated by the massive
appearance. Pocket knife for scale (8 cm) 26B) Small-scale deformation in thin massive sandstone beds. 26C) and 26D) Event bed
displaying contorted and overturned lamination in the Klubbnasen locality and Vadsg locality, Andersby Formation. Pocket knife for
scale (8 cm). 26E) Completely liquefied sandstone bed obtaining no internal structures, Klubbnasen Formation. 26F) Convolute and
contorted silty sandstone with ball-and-pillow structures. The bed can be followed throughout the outcrop. Bergelva locality,
Andersby Formation. Pocket knife for scale (8 cm). 26G) Recumbent folds of the Fugleberget Formation.

Interpretation:

The convolute and contorted lamination observed within the formations are interpreted to
have been formed through liquefaction and fluidization processes where the sediments
behaved in plastic manner due to increase in fluid pressure leading to disruption of the
primary stratification (Allen, 1977; Brenchley and Newall, 1977; Owen, 1987; Owen and
Moretti, 2011). The deformation probably occurred shortly after deposition when the
applied stress exceeded the yield strength of the sediments and thus resulting in liquefaction
and fluidization (Owen, 1995). Based on the variation in both dimension and degree of
distortion, the sediments were most likely subjected to different amount and duration of
stress during deformation, varying from only discrete and localized liquefaction to complete
fluidization of entire beds (e.g. resulting massive beds). The deformation structures
consisting of complex and asymmetrical folds and chaotic contorted lamination belonging to
the Andersby Formation can most likely be attributed to a combination of a vertical shear
stress (Owen, 2003) together with presence of a lateral shear component during
deformation (Allen, 1977; Owen, 1987). The occurrence of load structures within the
convolute and contorted lamination implies the presence of an inverse density contrast
between two layers reinforcing the deformation (Owen, 2003). The small scale convolute
and contorted lamination observed within the Klubbnasen Formation are also considered to
be related to vertical shear stress during deformation, although the driving forces were most
likely weaker than during the deformation in the Andersby Formation based on the size and
distribution. The overturned cross-bedding in the lower part of the Fugleberget Formation is
attributed to tangential shear stress formed by fast flowing water (i.e. upper flow regime
conditions) close to the depositional surface (liquefied sand bed) creating structures similar
to recumbent folds (Allen and Banks, 1972; Owen, 1987). This is consistent with earlier

interpretations/studies of the Fugleberget Formation (e.g. Rge and Hermansen, 1993).
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4.4.3 Sandstone dykes
In the Andersby Formation, several vertical to steeply inclined clastic dykes of red to light

brown sandstone penetrate the succession (Figs 27A-C). They are commonly found at the
Bergelva locality, although a small number have also been observed at the Vadsg locality.
The dykes are typically composed of fine-grained sandstone with a massive appearance and
diameters ranging from 3 to 30 centimetres. Locally, a small proportion of siltstone clasts are
present within the sandstone. In the Bergelva locality, the dykes typically cut through several
meters of the succession (Fig. 27A), with a maximum visible height of 3 metres. The contacts
between the dykes and the surrounding sediments is sharp consisting of grey siltstone
commonly with a bulky and fractured morphology (Figs 27B & 27C). In several cases, the
dykes display both upward and downward weak pinch-out geometries, where they
sometimes bifurcate. However, neither the upper or lower termination is fully exposed and
therefore the host sediments are not visible. In addition, rare small-scale scour-like
structures with diffuse shapes, some similar to irregular flute casts, occur along the sharp
contacts of the dykes (Fig. 27C). The structures surrounding the dykes commonly either
display an upward inclination towards the interface or no inclination (Figs 27A & 27B). The
dykes typically occur isolated with variable spacing along the outcrop, although in rare cases,
they occur in pairs. The dykes are commonly associated with other SSDS such as load

structures, contorted lamination and syn-sedimentary faults.
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Figure 27. Representative photos of sandstone dykes in the Andersby Formation. 27A) Two sandstone dykes cutting
through the FA2 succession at the Bergelva locality. Notice the upward inclined event bed in connection to the right dyke.
Ruler for scale (20 cm). 27B) Close-up view of one dyke at the Bergelva locality. Notice the fractured appearance as well
as the inclined surrounding stratification. 27C) Close-up view of the interface (contact) of the dyke in 27B. Notice the
small scour-like structures and finer-grained appearance. 27D) Close-up view of the sharp contact between dyke and the
surrounding sediments.27E) Close-up view of a dyke bed surface (plan view).

Interpretation:

Clastic dykes are dewatering structures interpreted to have been formed by both
liqguefaction and fluidization processes after deposition (meta-depositional SSDS) (Owen,
1987). Liquefaction results from a temporary reduction in sediment strength related to an
increase in pore fluid pressure equalling the overburden pressure, while fluidization
processes are related to the frictional drag an upward moving fluid exerts on the
surrounding particles (Owen, 1987; Duranti and Hurst, 2004; Owen and Moretti, 2011; Ross
et al., 2014; Wheatley and Chan, 2018). The dykes observed in the Andersby Formation were
probably developed when the saturated host bed was buried by low-permeability
sediments, such as silt and mud, creating an overpressure in the sandy sediments causing
them to liquefy. The sandstone was during the liquefied state most likely exposed to an
external mechanical trigger (e.g. seismic shock) governing fluidization. As a result of the
build-up overpressure (hydrostatic pressure), the sediments were forced upwards through
cracks (hydraulic fracturation) leading to the formation of vertical to sub-vertical dykes
(Owen and Moretti, 2011; Wheatley and Chan, 2018). The siltstone and mudstone clasts
observed within the sandstone dykes are presumably eroded from the adjacent sidewalls
during deformation before being incorporated into the dykes (Scott et al., 2009; Gao et al.,
2019). This further indicates that the surrounding sediments were partly consolidated during
the formation as mudstone clasts were formed. The common occurrence of inclined
stratification surrounding the dykes is consistent with the upward drag force the escaping
pore fluid exerted on the surrounding sediments (Hildebrandt and Egenhoff, 2007). In
addition, the structures observed at the interfaces of the dykes similar to sole marks (small

scours) may be the result of the fast-upward transport of fill material eroding the borders.

4.4.4 Syneresis cracks

In both the Klubbnasen and Andersby formations abundant well-developed sandstone-filled
cracks are observed within the heterolithic fine-grained sediments (FA1 and FA2) (Figs 28A,
28B, 29A and 29B). These are commonly recognized as irregular sandstone-filled cracks

penetrating mudstone or sandstone/siltstone beds (Figs 28B and 29B). They are also visible
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on sandstone to siltstone and mudstone bedding planes (Fig. 28A). Locally, both sole marks
(load casts and flute casts) and syneresis cracks are observed at the same basal sandstone
surface (Fig. 10C). The syneresis cracks vary in both size and pattern morphology. In plan
view, they are usually between 0.5 to 5 mm wide and 1 to 20 mm deep normally filled with
fine-grained sandstone (28A). The cracks are randomly orientated and discontinuous,
commonly displaying 1 to 10 cm long lines, either straight, curved or sinusoidal (Figs 28A &
29A). They typically intersect each other forming incomplete polygons and triple-junctions
(Figs 28A & 29B). Where the cracks are observed in cross-section, they are commonly
lenticular to V-shaped, although they commonly display a more irregular and folded

geometry (Figs 4B & 5B).
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Figure 28A). Syneresis cracks observed on a bedding surface. Note the incomplete network of polygons. 28B)
Syneresis cracks observed in both plan view on a sandstone bed surface and vertical view in siltstone/mudstone. Note
the irregular geometry of the cracks in cross-section.
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Figure 29. 29A) Syneresis cracks observed on the base of a sandstone bed, Vadsg locality, Andersby Formation. Notice the
variation in width of the several of the cracks. 29B) Vertical view of the syneresis cracks. Note the V-shaped crack (black arrow).
Pen for scale (13 cm).
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Interpretation:

Syneresis sedimentary cracks are commonly attributed to shallow subaqueous settings close
to the water-sediment interface induced by fluctuation in paleosalinity stress within the
water column (Burst, 1965; Donovan and Foster, 1972; Astin and Rogers, 1991; Bhattacharya
and MacEachern, 2009). Changes in salinity may generate deflocculation or intracrystalline
de-watering of muddy to silty sediments resulting in shrinkage and thus the formation of
cracks. However, several ancient syneresis cracks may also be attributed de-watering and
grain reorientation processes related to seismic disturbance, wave-induced stress or burial-
compaction (Plummer and Gostin, 1981; Pratt, 1998; McMahon et al., 2017). These cracks
are commonly interpreted to formed substratally and may therefore obtain a high
preservation potential in ancient successions (McMahon et al., 2017). The occurrence of sole
marks in association with the cracks indicate an intrastratal origin where the casts have
developed first (flute casts) or at the same time (load casts) (Plummer and Gostin, 1981).
Similar cracks are commonly observed in several other Precambrian successions around the
world and is believed to be related to the absence of bacteria binding sediments (Pratt,
1998). During the Phanerozoic the sediment-binding bacteria increased, which may be the

reason why syneresis cracks are more rare in these successions.
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20 cm

Figure 30. Small-scale syn-sedimentary faults, Klubbnasen and Andersby formations. 30A &30 B) Micro-faults in thin sandstone beds at the
Vadsg locality. Pocket knife for scale (8 cm). 30C) Overview of the faults shown in Fig. 30D and 30E. 30D) Multiple syn-sedimentary faults in
sandstone beds (lithofacies 9, cross-bedded sandstone), Klubbnasen locality. 30E) Close-up view of syn-sedimentary fault from Fig. 30D. Note
the overlying deformed (not faulted) sandstone bed (black arrow). Lens cap for scale (5 cm).
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4.4.6 Syn-sedimentary faults
Several syn-sedimentary faults affect both the Klubbnasen and Andersby formations (Figs 30

& 31). They are observed in all three localities, commonly restricted to sandstone beds
where the siltstone surrounding the faults is plastically deformed (Figs 30A & 30B). They are
usually planar normal to listric faults with an offset that range in sizes from a few millimetres
to a maximum of 18 centimetres, typically obtaining a dip direction towards east (Figs 30C &
D, 31A). The faults usually affect individual event beds (Fig. 31A), but may also affect several
stacked beds (Figs 30A-30D). At the Bergelva and Vadsg localities, the faults are normally
restricted to the sole of several event beds where they obtain a step-like (and occasionally
boudinage-like) geometry (Fig. 31A). Several places the beds affected by the faulting typically
thicken towards the fault plane (Fig. 30D). The faults are commonly associated with other

SSDS, mainly contorted lamination and load structures. All of the faults sole out downward.

Figure 31. Syn-sedimentary faults at the Bergelva locality, Andersby Formation. 31A) Repeatedly faulted sandstone bed.
Fault planes are directed towards east, marked by white lines. Note the undeformed sandstone underlying the faulted
sandstone bed. Ruler for scale (20 cm). 31B) Close-up view of a small fault (eastward, white line) containing micro faults
with opposite dip direction (towards west) on the bedding sole. 32C) Bedding sole with micro faults. Pocket knife for scale (8
cm).
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At the Klubbnasen locality, several faults with curved and intersecting fault planes (offset of
10-20 cm) are observed in a sequence of stacked sandstone beds in the upper part of the
Klubbnasen Formation. These faults typically constitute several fault blocks each with a

lateral extent of several meters (usually < 10 m).
Interpretation:

The presence of frequent syn-sedimentary faults in the two formation indicates that brittle
deformation of either unconsolidated or partly consolidated sediments took place in
addition to hydroplastic processes (Seilacher, 1969; Owen, 1987; Rossetti and Gdes, 2000).
The deposition of the sediments and the faulting most likely occurred simultaneously based
on the frequent existence of beds thickening towards the fault plane. The majority of the
faults in the both Klubbnasen and Andersby formations are normal faults indicating an
extensional stress field during deformation with a short-lasting fault activity based on the
majority of small-scale faults. The common occurrence of SSDS in association with syn-
sedimentary faults suggests a transition between brittle and ductile deformation (Mohindra
and Bagati, 1996). Similar structures have been attributed to both seismic activity as well as
slope failure, typically in basinward-dipping prodelta and delta front settings (Nemec et al.,
1988; Bhattacharya and Bandyopadhyay, 1998; Rossetti, 1999; Onderdonk and Midtkandal,
2010; Korneva et al., 2016; Jiang et al., 2016; Ogata et al., 2018).
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4.4.5 Large-scale deformation - the Vadsg locality

| &>
3

Andersby Formation

Figure 32. Large-scale deformation structures with contorted and folded bedding correlated with log 4, Vadsg
locality, Andersby Formation.

In the Vadsg locality (Andersby Formation), a major chaotically deformed and partly
discontinuous unit of light brown to red coloured, medium to very-fine grained sandstone
and light grey siltstone can be traced throughout the extent of the outcrop (ca. 900 meters)
(Figs 35 and 36). The unit contains several of the SSDS described above, but considering the
lateral extensiveness and complexity of the unit, it will be described and interpreted
separately herein. The deformed unit is restricted to a single stratigraphic horizon (Fig. 36),
which ranges in thickness from 0.2 to 3 metres generally increasing in thickness towards
east. A similar unit is also observed higher up in the Andersby formation (Vadsg locality), but
it is not described in this thesis. The deformation ranges from only weakly distortion of
primary structures (Fig. 26B) to complete loss of stratification (Fig. 33). Relatively

undeformed units (consisting of FA1 &FA2) with irregular and mainly discordant contacts
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typically confine the upper and lower part, where the basal surface appears to occasionally
be scoured into the undeformed underlying unit, as well as being frequently loaded forming

a distinct and irregular base (Fig. 33, 35 and 36).

The deformed unit is characterized by frequently steeply dipping and sometimes truncated
layers together with rotated blocks, folds, syn-sedimentary faults, large-scale load
structures, contorted and convolute stratification and rare water-escape structures. They
typically appear in sandstone beds (0.15 to 2 metres), commonly obtaining internal
deformed or undeformed stratification (e.g. lithofacies 5 (planar lamination) and lithofacies
6 (HCS)), while deformed siltstone (lithofacies 1) or heterolithics (lithofacies 2) commonly
occur between the deformed sandstone beds. Locally, the upper part of the unit consists of
relatively poorly sorted (mixed) sandstone and siltstone displaying heavily disrupted and
deformed structures with no primary stratification typically containing abundant sandstone
clasts. The contorted and convolute stratifications within the sandstone contain small-scale
folds and overturned lamination (Figs 26A & 26B), which typically change into larger and
more complex folds when followed laterally towards east (Fig. 32). The folds observed occur
at different scales and obtain a diverse fold geometry, ranging from tens of centimetres to
several metres. They vary from only weak gentle folds with long wavelengths (Fig. 34A) to
intensely contorted, complex and overturned folds, some recumbent, frequently obtaining
east-verging fold axis (Figs 34B & 34C). As the folds become further deformed, they
transform into more heterogeneous units with more random orientations. In addition,
several of the folds contain smaller ball-and-pillow structures (Fig 34B) of coarser material
together with incorporated lenses and thin layers of deformed/folded siltstone (Figs 34A &
34C). In the middle to eastern part of the unit, numerous large-scale load casts and ball-and-
pillow structures (0.5 to 2 meter in diameter) with irregular morphologies occur in
association with other SSDS. They commonly consist of siltstone and very-fine to fine grained
sandstone with rare internal structures. Some of these load structures may obtain a
vergence towards east, which is also evident for some of the flame structures observed in
association with the load structures. In addition, several isolated blocks, some rotated and
disoriented with respect to normal horizontal beds, with contained internal structures and
only weakly deformed, are observed sporadically within the unit.
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The blocks/slabs vary in sizes from a couple decimetres to a few meters and occasionally
overlap and thrust over one another. Locally, water-escape structures, typically consisting of

mixed sandstone and siltstone, are found.

Undeformed beds

Figure 33. Panorama showing parts of the deformed unit at the Vadsg locality, Andersby Formation. Note the large-scale ball-and-pillow
structures in the middle of the picture. Red line indicates a small fault plane. Meter stick for scale (1 m).

Interpretation:

The highly deformed and complex unit displaying variable horizontal and vertical
deformation is most likely induced by liquefaction and fluidization processes with a
component of lateral shear stress/slope failure (Allen, 1982; Owen, 1987; Owen and Moretti,
2011). The deformed unit is confined to one single horizon with undeformed stratification
above and below, indicating an origin related to a single instantaneous event such as
earthquakes, slump events or catastrophic storms, which occurred when the sediments
were still unconsolidated and saturated with water (Mastrogiacomo et al., 2012; Lowe,
1975; Allen, 1982). These processes may either cause in situ deformation (liquefaction
and/or fluidization) (Sims, 1975; Moretti et al., 2014; Allen, 1982; Lowe, 1975; Rossetti,
1999) or deformation and reduction of shear strength associated with lateral shear or
downslope gravitational movements (Allen, 1982; Mulder and Cochonat, 1996; Shanmugam,
2019). Several trigger mechanism may have acted either individually or together during
deformation (Rossetti, 1999), generating a variety of both small- and large-scale SSDS

obtaining extensional and compressional features.
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Figure 34. Large-scale folds observed in the deformed unit, Vadsg locality, Andersby Formation. 35A) Large-scale open fold with
isolated sandstone blocks and smaller ball-and-.pillow structures. 35B) Folds contaning a vergence towards east. Notice the ball-and-
pillow structures incorporated into the folds. 35C) Overturned fold towards east with an almost horizontal axial plane. Meter stick for
scale (1 m).

The convolute and heavily contorted stratification observed within the unit may be
attributed to partial liquefaction and fluidization induced deformation, while the general
occurrence of massive sandstone beds and rare water-escape structures indicate that
complete fluidization developed in several zones of the unit (Owen, 1987). The convolute
and contorted structures typically transform eastward into fold structures obtaining variable

sizes and degree of folding, which is indicative for a continuous hydroplastic or a laminar
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liquefied flow where the primary stratification of the folded layers are deformed, but not
completely destroyed (Lowe, 1975). Several of these folds are recumbent or obtain vergence
towards east produced by shear stress during deformation, which may be associated with
seismic surface waves (Rayleigh waves), subaqueous surface waves or downslope
gravitational forces during deformation. In addition, the common development of large ball-
and-pillow structures and load casts suggest the presence of reverse density mechanism
between the sandstone and siltstone. Although, the density contrast between the layers is
presumably not efficient enough in creating these structures alone based on the presence of
non-deformed similar stratification surrounding the deformed unit, and consequently an
external trigger mechanism must have caused liquefaction/fluidization of the sediments
(Molina et al., 1998; Moretti et al., 2001; McLaughlin and Brett, 2004). This further supports
the interpretation of an instantaneous nature of the deformation. Similar large-scale load
structures, both symmetrical and asymmetrical, have been observed in several ancient
successions (i.e.: Bowman et al., 2004; Tasgin et al., 2011; Mohindra and Bagati, 1996) and
are typically interpreted as seismically induced deformation structures or in rare cases
caused by storm induced stress (Molina et al., 1998). Additionally, several of the ball-and-
pillows observed together with flame structures frequently obtain a verging trend towards
east, which may be attributed to the presence of a lateral-driving force system during
deformation such as shear stress (from seismic waves or subaqueous currents) or the
presence of a slope (downslope gravitation force) (Moretti et al., 2001; Mohindra and
Bagati, 1996). The rotated and disorientated blocks obtaining only weak distortion of the
primary stratification indicate that the blocks where most likely consolidated or partly
consolidated during deformation and thus acted rigid while the surrounding finer sediments
were unconsolidated. In addition, the occurrence of thrusting and overlapping imply that
compressional stresses developed during deformation, which may be indicative for localized

slumping (McLaughlin and Brett, 2004).

Based on these interpretations, the deformed unit at the Vadsg locality can most likely be
attributed to a single instantaneous slump event resulting in both vertical and horizontal
shear stress caused by liquefaction and fluidization processes accompanied by local

deformation of consolidated sediment.
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Figure 35. Detailed sedimentological logs of the Vadsg locality recording the development of the slump unit from west V1) to

east (V8). The black arrows mark the slump unit within logs. Correlation panel shown in Fig. 37.

85



woo
wose

7] lens| eog




wosL

9al1os/uolejaban Aq pasano)

2UO}S|IS/AUOISPUES PaPPaGIalU|
2UO}S)|IS/AUO)SPUES PaWLIORQ
auoJspues

auojspues AyiS

auojsy|is Apues

auojspues ajsadwa]

auoyspues 0} spiemdn Buipesb auoys|is

pusba

wosL

|ena) eas

w

Figure 36. A 900 meter long panel displaying the lateral development of the slump unit at the Vadsg locality. The

sedimentological logs (Fig. 36) are marked with black lines and corresponding numbers.
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5. Discussion

5.1 Origin of the event beds of the Klubbnasen and Andersby formations
For the past decades, several studies have been published regarding the hydrodynamic

mechanisms attributing in transporting and depositing sand onto the shelf. However, the
subject has been and still is controversial and the debate is ongoing (e.g. Dott Jr and
Bourgeois, 1982; Leckie and Walker, 1982; Swift et al., 1983; Duke, 1985; Arnott and
Southard, 1990; Myrow, 1992; Dumas and Arnott, 2006; Lamb et al., 2008). Both geological
and oceanographic studies have been conducted to give a better understanding on the
depositional dynamics and the lithofacies patterns on continental shelves. While the
oceanographic point of view focuses on modern shelf investigations (e.g. Snedden et al.,
1991; Siringan and Anderson, 1994), the geological studies are based on investigations
concerning ancient shelf successions (e.g. Brenchley and Newall, 1982; Myrow and Southard,

1991; Myrow et al., 2002; Pattison, 2005), leading to two radically different findings.

The oceanographic studies from modern shelves emphasise geostrophic currents as an
important agent in governing sediment transport. Geostrophic currents are the product of
an offshore-pressure gradient resulting from coastal set-up during storms (e.g. storm
surges), which is further deflected by the Coriolis effect making nearly shore-parallel
currents (low angle to the coast, parallel or oblique) (Swift and Niedoroda, 1986; Leckie and
Krystinik, 1989; Myrow, 2005). In combination with strong oscillatory flows, these currents
are believed to be the main mechanism in transporting sediments onto modern shelves.
However, in many ancient storm-influenced shoreline sequences, paelocurrent data from
mainly sole marks, at the base of storm-generated event beds (e.g. tempestites) are
commonly oriented normal to the paleo-shoreline. This indicate a dominance of offshore
directed flows, which contradicts with the oceanographic observations on modern shelves

(Leckie and Krystinik, 1989; Duke, 1990).

Thus, the early facies models derived from ancient shelf successions suggested that offshore
transportation and deposition were governed by storm-generated turbidity currents induced
by excess weight forces (Wright and Walker, 1982; Dott Jr and Bourgeois, 1982; Leckie and
Walker, 1982). The offshore-directed paleocurrent data from solemarks, as well as the

similarities to deep-water turbidites and proximal (lower shoreface) tempestites, supported
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this interpretation (Dott Jr and Bourgeois, 1982; Leckie and Walker, 1982; Myrow, 2005).
Although, many oceanographers disagree with this interpretation because autosuspension
seems unlikely on low-gradient slopes typical for modern shelf environments (Swift and
Niedoroda, 1986) and considering that geostrophic currents are nearly shore-parallel.
Several studies document a variety of internal structures and bed geometries of tempestites
suggesting that three different processes act upon the sediments during a single storm
event. These are (1) geostrophic currents, (2) storm-generated waves and (3) excess-weight
forces (downwelling density flows, e.g. turbidity currents) (Myrow et al., 2002; Dumas et al.,
2005; Pattison, 2005; Dumas and Arnott, 2006; Mulder et al., 2009; Jelby et al., 2020). The
facies architecture of the resulting deposit is attributed to the temporal and spatial evolution

of the three transport agents.

The tempestites of the Klubbnasen and Andersby formations display a diversity of
sedimentary structures and bed architectures (Figs 9 to 13, 15 and 16; Table 1) representing
unidirectional, oscillatory and combined-flows. The beds, notably in the Andersby
Formation, are normally graded displaying various combined-flow-generated structures (as
described in FA2; Fig. 17). The typical bed architecture obtains an erosional base with
eastward directed sole marks (flute casts, Fig. 19C), which is typically overlain by interval of
normally graded, massive sandstone (lithofacies 4; Figs 10A & 10B). The massive sandstone
is further covered by planar-lamination (lithofacies 5; Figs 10B, 10D, 16C & 16D) grading into
quasi-planar lamination and/or HCS (lithofacies 6; Fig. 11), which is further capped by
combined-flow ripple cross-lamination or climbing ripple cross-lamination (lithofacies 8; Fig.
13). Several of the beds typically obtain a pinch-and-swell bed geometry (Figs 16, 17 & 18)
indicating reworking by storm waves (e.g. Brenchley et al., 1993). Although, a small number
also obtain a more tabular geometry (Figs 15, 17 & 18), which typically characterizes
deposition dominantly by turbidity flows with little wave-reworking (e.g. Mutti and Ricci

Lucchi, 1978).

The presence of erosional bases and sole marks on several event beds is indicative for an
initially powerful, unidirectional, near-bottom flow during the pre-depositional phase of the
bed, which gradually waned (Myrow, 1992; Myrow and Southard, 1996). The origin of this
unidirectional component may be attributed to either wind-induced hydrostatic pressure

gradients (geostrophic currents) or density-induced gravity flows (e.g. turbidity currents)
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(Myrow and Southard, 1996). The eastward oriented solemarks of the two formations (Fig.
10C) thus reflect strong offshore-directed currents according to the regional
paleogeographic reconstructions by Rge (2003) (Fig. 8), excluding shore-parallel geostrophic
currents as a possible transporting agent in the present case. In prodeltaic environments,
offshore-directed currents are typically related to turbidity currents down the delta front
governed by excess weight forces (Pattison, 2005; Lamb et al., 2008; Bhattacharya and
MacEachern, 2009; Basilici et al., 2012). The excess weight force producing these flows is a
function of excess weight per unit volume of the sediment suspension as well as the gradient
of the slope (Myrow and Southard, 1996). Although, Swift (1985) argued that turbidity
currents are not dense enough to obtain strong currents on low-gradient slopes such as the
prodeltas the Klubbnasen and Andersby formations represent. However, if a storm-induced
oscillatory flow is superimposed on the turbidity currents, it may enhance the turbulence
and boundary-layer shear stress and thus maintain the driving force for relatively large
distances across the shelf (Myrow and Southard, 1996; Macquaker et al., 2010). Such
turbidity currents, referred to as wave-modified turbidity currents, seem to be a common
feature of many modern and ancient shelf systems (e.g. Myrow et al., 2002; Pattison, 2005;
Lamb et al., 2008). These beds are typically characterized by a Bouma-like sequence
containing abundant well-developed offshore-directed flute casts and are normally graded
where several display climbing-ripple cross-lamination. However, in contrast to deep-sea
turbidities, the wave-modified turbidites are commonly deposited above SWB and typically
contain structures associated with oscillatory flows such as hummocky cross-stratification
(HCS), quasi-planar lamination and combined-flow ripples (Myrow et al., 2002). Despite the
characteristics of the beds of the Klubbnasen and Andersby formations are highly variable
(Figs 10, 11, 13 & 16), the overall bed architecture strongly resembles wave-modified
turbidite beds reported elsewhere (e.g. Myrow et al., 2002; Jelby et al., 2020). The variety in
bed architecture may be related to variable flow mechanisms such as wave unsteadiness
(Jelby et al., 2020) and temporal evolution of the turbidity flow as well as proximity to the

delta front (Eide et al., 2015; Lamb et al., 2008; Grundvag et al., 2020).

The wave-modifed turbidites may be generated by several different processes, including
both fluvial and storm-related processes on the delta front (Plink-Bjorklund and Steel, 2004).

Several ancient wave-modified turbidites are interpreted to be the result of hyperpycnal
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river floods, termed oceanic floods, which is typically associated with fluvio-deltaic
environments (Wheatcroft and Borgeld, 2000; Collins et al., 2017). These flows are produced
by the catastrophic introduction of sediment-laden floodwater into the sea via distributary
channels presumably during storm events (Mulder et al., 2003; Myrow, 2005; Collins et al.,
2017). The lack of plants and vegetation binding up sediments during the Late Precambrian
times would additionally have enhanced the sediment load in the flow during floods.
Deposits by these types of coupled flood-storm-induced currents typically result in beds with
alternating sedimentary structures indicative for a fluctuating flow (i.e. multiple wax-wane
cycles resulting in inverse-normal grading). Although, this depositional model may be
important in cross-shelf sediment transport in several cases (Mulder et al., 2003; Myrow et
al., 2004; Bhattacharya and MacEachern, 2009; Wilson and Schieber, 2014; Collins et al.,
2017), it may not be applicable for the tempestites of the Klubbnasen and Andersby
formations, considering their predominantly waning bed architecture (i.e. sharp-base,
normal grading, massive to HCS lower part, rippled bed tops etc.). However, under certain
circumstances it has been suggested that the waxing bed division, typically observed as
inverse grading, is not preserved as a result of erosion during peak flow (Mutti et al., 2002)
and thereby achieving the Bouma-like sequence reported from many wave-modified
turbidites (Mulder et al., 2003; Myrow et al., 2008). Based on these considerations, as well
as the relatively close proximity to fluvial systems (in this case the Fugleberget and Paddeby
formations, respectively (Figs 8, 21, 22 & 24)), storm-induced hyperpycnal flows cannot be
excluded as a possible trigger for the investigated event beds. Although inverse grading

related to waxing flow have not been observed.

Another plausible process governing turbidity currents are high pore-fluid pressures
associated with cyclic wave loading during storms (Prior et al., 1989; Bhattacharya and
Giosan, 2003; Traykovski et al., 2007). The increasing pressure within the sediments on the
delta front may lead to liquefaction and nearshore slumps, which may further generate
turbidity currents (Plink-Bjorklund and Steel, 2004). The occurrence of several syn-
sedimentary faults (FA3; Fig. 30) and meter-scale scours in the delta front deposits (FA3, Figs
19A & 19B) indicate that the environment were frequently subjected to sediment failure,
which may have been triggered by storm-induced stress. However, sediment failure on the

delta front may also be related to seismically-induced liquefaction. Both the Klubbnasen and
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Andersby formations have previously been interpreted to be part of a syn-rift succession
(Rpe, 2003) indicating a seismically active basin at the time of deposition. Additionally, the
formations display abundant and widespread soft-sediment deformation at several
stratigraphic levels, which could potentially be related to seismic activity. There have been
reported several turbidite successions related to seismically induced stress, in both active
rift-basins and deltaic environments (Gorsline et al., 2000; Gibert et al., 2005). Subsequently,
the turbidity currents may also have been triggered by seismic-induced stress. According to
these observations, the complex mixture of wave-modified turbidites documented in the
Klubbnasen and Andersby formations may be attributed to a combination of several
different trigger mechanisms where the most plausible are hyperpycnal flows and cyclic

stress related to storm waves and seismic activity.

Based on the assumption given above, a general model regarding the hydrodynamic
processes during the formation of the wave-modified turbidites of the Klubbnasen and
Andersby formations is proposed (Fig. 37). The model illustrates conditions during a
progressively waning storm event with high aggradation rates were deposition took place
between FWWB and SWB (intermediate settings; FA2). The model does not consider waxing-
waning cycles related to coupled storm-flood-generated hyperpycnal flows, as inverse
grading lack in nearly all the investigated event beds. Moreover, beds deposited in proximal
(FA3) or distal (FA1) settings will naturally deviate from this model. The proximal to distal

storm-variability trends will be further discussed in the next chapter.

The predepositional phase during the development of a typical wave-modified turbidites
was most likely dominated by highly erosional unidirectional flows in the form of a fully
turbulent flow, leading to the formation of offshore-directed flutes (Fig. 37A). As the flow
rapidly waned and deposition commenced with high rates of sediment fallout and
aggradation, the lowermost unit of massive graded sand were formed, locally filling in the
flutes (Fig. 37B). As the deposition continued, the influence of oscillatory flows increased,
and planar lamination was deposited (Fig. 37C). At one point, the oscillatory component of
the flow exceeded the unidirectional component (i.e. oscillatory-dominated combined-flow)
leading to the formation of quasi-planar lamination and nearly isotropic HCS (Fig. 37D) as
observed in the Andersby Formation. During the last phase of the storm, the oscillatory

component decelerated, which further promoted the formation of last unit consisting of
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combined-flow ripples or climbing-ripple cross-lamination (Fig. 37E). The formation of
climbing-ripple cross-lamination may have been promoted during rapid sediment fallout
generated by quickly decelerating flows governing both high aggradation rates and bedform
migration. This would typically occur when the storm-generated flow shift from confined to
unconfined, commonly when the flow reaches the base of the slope or leaves a confined

channel (Bouma, 2004).
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Figure 37. Model displaying the typical formation of a typical wave-modifed turbidite during a waning storm event. Uc= unidirectional
component and Uo= Oscialltory component.

5.2 Storm-bed variability across the shelf
During storms, nearshore areas experience erosion where large waves and strong

unidirectional currents (e.g. turbidity currents and other associated down-welling currents)
transport and deposit large amount of sand onto the shelf. Combined, these processes
contribute to progradation of the shoreface environments (also in storm-dominated delta
settings). The resulting deposits commonly occur as HCS-bearing progradationally stacked
and upward-coarsening successions reflecting the lateral variation in hydrodynamic
processes from distal to proximal settings (Dott Jr and Bourgeois, 1982; Brenchley et al.,
1986; Myrow and Southard, 1991; Dumas and Arnott, 2006). In general, the sandstone beds
increase in thickness and complexity from distal to proximal settings. Thinner isotropic HCS-
bearing beds generally grade landward into anisotropic HCS, which gradually become more
amalgamated towards the lower and middle shoreface zone. The most proximal settings
above FWWB (i.e. upper shoreface), are commonly dominated by amalgamated swaley-cross
stratification (SCS) overlain by large-scale, high angle cross-stratification (Dumas and Arnott,

2006; Bowman and Johnson, 2014).
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Both the Klubbnasen and Andersby formations display clear distal to proximal trends with
variations in the lateral distribution of lithofacies association (Fig. 38) resembling similar
trends as the typical storm-dominated sequence described above (e.g. Figs 17, 18, 19 & 21).
The lowermost units of the two formations represent the distal deposits (FA1, offshore),
dominated by thin, normally graded sandstone beds separated by fair-weather deposits (e.g.
Figs 9A & 9B), which are either structureless (fig. 9D) or exhibiting combined-flow ripples
and/or planar lamination (Fig. 9C). These beds are linked to relatively quiet condition in deep
waters where both the oscillatory flow and turbidity currents are considerably weaker and
thus the formation of both erosional structures (e.g. flute casts) and HCS are dismissed.
Similar thin-bedded sandstone related to storm-dominated shelf successions have typically
been ascribed to purely unidirectional currents represented by dilute turbidity currents
where the oscillatory flows are absent (Dott Jr and Bourgeois, 1982; Myrow et al., 2002;
Myrow, 2005; Pattison, 2005). However, in contrast to standard storm depositional models,
the thin beds of this study display structures typically associated with combined-flows (e.g.
combined-flow ripple lamination). It is thus believed that the majority of the thin beds were
deposited by wave-enhanced turbidity currents during intensive storms that reached

considerable depth.

Storm-dominated delta front (FA3) Storm-dominated prodelta (FA2) Offshore (FA1)

Figur 38. Figure displaying the proximal to distal relationship of tempestite beds. Not to scale.
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The distal deposits are typically overlain by variations of the typical wave-modified turbidite
facies sequence (sensu Myrow et al., 2002) indicating the presence of a powerful, but
decelerating combined-flow above mean SWB. The beds are typically observed in the middle
to upper part of the Andersby Formations (FA2, Figs 16, 17 & 18) where they are
interbedded with fair-weather deposits. Further proximally (i.e. stratigraphic upwards in the
investigated successions), the isotropic HCS is succeeded by beds of anisotropic HCS where
several contain evidence of amalgamation (internal second-order truncations). This suggests
an increase in the unidirectional component promoting bedform migration where the
sediments were frequently subjected to erosion and reworking by successive storms. In the
more proximal settings above FWWSB (i.e. FA3), amalgamated and anisotropic HCS and SCS
typically occur coincidentally in the same unit (Fig. 12), reflecting a relatively shallow
environment where strong unidirectional-dominated combined-flows controlled deposition.
However, according to Dumas and Arnott (2006) SCS are commonly developed in units
above anisotropic HCS, reflecting shallower settings with lower aggradation rates. Although,
the SCS in the middle/upper part of the Klubbnasen Formation typically occur interbedded in
the same units as the anisotropic HCS (Fig. 12), which differ from standard progradational
storm sequences (Dott Jr and Bourgeois, 1982; Leckie and Walker, 1982; Dumas and Arnott,
2006). These observations suggest that the aggradation rates frequently alternated during
deposition, which may be a result of seabed variations causing variable bedform stabilities
across the shelf. Further shoreward the units of HCS and SCS merge into stacked units of
low-angle dune-scale cross-bedded and planar bedded sandstone (Figs 14A, 14B & 14F)
recording stronger unidirectional currents with little wave influence, which is further
consistent with a delta front setting. The proximal to distal lithofacies distribution is

summarized in Fig. 38.

5.3 Formative mechanisms and possible triggers of the SSDS
A diversity of syn-sedimentary deformation structures, differing in both scale and type of

deformation, have been observed throughout the Klubbnasen and Andersby formations at
nearly all stratigraphic levels (Figs 22 to 25, 35 and 36). They are interpreted to have been
developed in sediments deposited in storm-dominated prodeltaic to deltaic environments

where the SSDS are observed in both storm-emplaced lithofacies and fair-weather
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lithofacies. The interpretation of the formative processes and generation (trigger
mechanism) of SSDS may be important in understanding the hydrodynamic and
sedimentological processes as well be an aid in determining the presence of rift-related
seismic activity during formation. The development of SSDS is commonly divided into three
components, which consequently must be simultaneously fulfilled to generate deformation
of the sediments (Owen, 1987; Owen and Moretti, 2011). The given components are 1)
deformation mechanism, 2) a driving force and 3) a trigger mechanism. The trigger
mechanism typically initiates the deformation mechanism or/and driving force, where the
primary mechanisms contributing to deformation are liquefaction and fluidization, reverse
density gradients, slope failure/slumping and shear stress (Owen and Moretti, 2011). The
trigger mechanisms can be divided into two categories; endogenic (e.g. overloading and
storm waves) and exogenic (earthquakes and tsunamis) (Owen, 1996; Rossetti, 1999; Alfaro
et al., 2002; Moretti et al., 2014). The majority of the structures of the Klubbnasen and
Andersby formations, including different load structures and convolute stratification, are
interpreted to have developed in unconsolidated sediments during or shortly after
deposition. Additionally, the presence of sandstone dykes (Fig. 27) and slump deposits (Fig.
35 and 36) is indicative for the occurrence of local post-depositional deformation of partly
consolidated sediments. Determining the origin of the SSDS may be a difficult task,
particularly since different trigger mechanisms can generate similar SSDS and one single

trigger mechanism may generate a wide range of different structures.

The variety of SSDS in Klubbnasen and Andersby formations may be indicative for several
different trigger mechanisms where the most plausible for similar settings are earthquakes,
storm waves, overloading (rapid sedimentation) and tidal shear (Owen and Moretti, 2008).
However, tidal shear can be excluded considering there exists no sign of tidal-related
structures in neither the Klubbnasen Formation nor the Andersby formation and it is

therefore unlikely that tidal current promoted deformation in these settings.

Overloading related to rapid sedimentation by turbidity currents (e.g. wave-modified
currents) and storm waves have been reported to be a common cause of soft-sediment
deformation in several ancient prodeltaic successions (Moretti et al., 2001; Lamb et al.,
2008; Oliveira et al., 2009). Load structures, such as ball-and-pillows and various convolute

and contorted stratification have commonly been attributed to rapid sand-accumulation
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onto water-saturated muddy sediments (Allen, 1982). Moretti et. al 2001 interpreted several
SSDS, including large ball-and-pillow structures from the Guadix Basin (southern Spain), to
have been triggered by rapid sedimentation of single high-concentration turbidites. The ball-
and-pillow structures of these deposits all display a vergence downslope, and thus indicating
the influence of a current drag force from the turbidites in addition to the density induced
deformation. Hypothetically, rapid sedimentation from turbidity currents could have caused
several of the soft-sediment deformation of the Klubbnasen and Andersby formations. For
instance, some of the beds displaying convolute and contorted lamination obtain a vergence
toward east and may have been developed due to overloading caused by rapid
sedimentation from turbidity currents. Although, overloading seems like an unlikely trigger
mechanism for several of the structures present. Most of the SSDS are not displaying any
clear evidence of preferred orientation apart from the structures mentioned above and
those observed within the large deformation unit at the Vadsg locality (Figs 25A, 25B, 34B &
34C). Also, there are several wave-modified turbidite beds displaying considerable thickness,
containing no deformation or load structures. Furthermore, overloading does not explain
several of the observed SSDS in the heterolithic units where the sandstone beds are very
thin and sedimentation rates are inferred to have been low. Overloading caused by rapid
sedimentation may therefore be an inadequate trigger mechanism for several of the SSDS of
the Klubbnasen and Andersby formations. Although, locally high sedimentation rates might

have played a role in generating liquefaction and fluidization forming SSDS.

Deformation may also be triggered by pore pressure-related variations caused by the cyclic
effect of storm waves or passing currents (Molina et al., 1998; Alfaro et al., 2002; Owen and
Moretti, 2011). Several of the beds of both of the Klubbnasen and Andersby formations
contain storm-related structures such as HCS and SCS indicating an environment frequently
affected by storm events. During storms, the interstitial pressure within the sediments may
increase as a result of pressure differences between the crest and trough of the cyclic effect
of waves and subsequently generate liquefaction and/or fluidization within the sea bed
(Molina et al., 1998; Alfaro et al., 2002). There are few studies concerning storm waves as
the trigger mechanism, but in the few published studies load structures (e.g. ball-and-
pillows) associated with tempestites are typically linked to the cyclic stress from storms (e.g.

Molina et al., 1998; Alfaro et al., 2002). In both the Klubbnasen and Andersby formations,
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ball-and-pillow structures are frequently associated with the wave-modified turbidites beds,
which may under certain circumstances be the result of cyclic stress from storm waves
where the induced stress from waves where adequate in generating liquefaction and/or
fluidization. However, storm waves cannot account for the SSDS observed in lithofacies
deposited below the presumed storm-wave base and thus an additional trigger mechanism
must be considered. Furthermore, several of the SSDS observed, such as large sandstone
dykes, larger (dm to m-scale) ball-and-pillows, convolute folds and other water-escape

structures, are rarely associated with storm waves.

Cyclic stress induced by the passage of seismic waves may contribute to a diversity of SSDS in
tectonically active environments (Owen and Moretti, 2011). During earthquakes, the pore
pressure within water-saturated sediments increases causing the sediments to behave like a
fluid. SSDS observed within several ancient successions, representing various depositional
environments, have been interpreted to be seismically induced (e.g. Mohindra and Bagati,
1996; Rossetti, 1999; Gibert et al., 2005; Hildebrandt and Egenhoff, 2007; Gao et al., 2019).
The SSDS of these successions have several characteristics in common, including a lateral
extensiveness, vertical repetition and close proximity to active faults. These characteristics
are parts of the certain criteria suggested by Owen and Moretti (2011) to be indicative for
seismically induced deformation, including zonation of complexity with distance from faults
and morphology comparable with other structures described to be seismically induced.
There are several limitations with these criteria (Moretti et al., 2014), but they give an

overall idea in which settings seismically induced deformation typically occur.

The morphology and distribution of SSDS in the Klubbnasen and Andersby formations
corresponds with several of the criteria mentioned above. The Andersby Formation displays
a variety of different SSDS, which can be traced laterally along the entire length of the
outcrop at the Bergelva locality (c. 400 m) (Figs 2, 17 & 18). Although not correlated, three to
four kilometres further east, in the Vadsg locality (Figs 2, 35 & 36), which is also part of the
Andersby Formation, similar trends are observed, in addition to the presence of a lateral
extensive slump unit (900 meters; Fig. 36). Accordingly, the region was presumably
subjected to a repetitive stress field affecting a larger area over different time spans, which
thus facilitates deformation at different stratigraphic levels. The Klubbnasen Formation (Fig.

21) also display several different SSDS (Figs 25C & 25D) similar to the Andersby Formation,
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including large-scale ball-and-pillow structures, convolute stratification and syn-sedimentary
faults. These are commonly restricted to certain stratigraphic intervals interbedded with
non-deformed stratification displaying similar sedimentological characteristics as the
deformed intervals, thereby reflecting repetitive catastrophic events (Moretti and Ronchi,
2011; Owen and Moretti, 2011). In addition, both the Klubbnasen and Andersby formations
contain a large number of syneresis cracks typically occurring in high density at specific
intervals, which may indicate that the sediments were affected by some type of repeated
stress. Based on these observations both the criteria of vertical repetition and lateral

continuity are met.

Several of SSDS of both the Klubbnasen and Andersby formation are comparable to
deformation structures reported from other areas affected by seismic activity (e.g.
McLaughlin and Brett, 2004). These include ball-and-pillow structures of various sizes,
contorted/convolute stratification, syn-sedimentary faults and sandstone dykes (Alfaro et
al., 1997; Bhattacharya and Bandyopadhyay, 1998; Hildebrandt and Egenhoff, 2007; Gao et
al., 2019). These SSDS may also be attributed to other individual trigger mechanism not
related to seismic activity. However, it seems unlikely that a variety of SSDS produced by
processes of different origins may have acted simultaneously. A seismic origin is thus a more
appealing interpretation under which the sediments may have responded differently and
consequently formed a diversity of SSDS, both brittle and ductile. The presence of multiple
sandstone dykes along the Bergelva in the Andersby Formation reinforces the interpretation
of a seismic-related trigger mechanism considering the frequent occurrence of clastic dykes
in seismically induced successions (e.g. Neef, 1991; Scholz et al., 2009; Peterson et al., 2014).
Furthermore, Pratt (1998) suggested that the occurrence of syneresis cracks formed

intrastratal likely are result of strong ground motion from earthquakes.

The distinctive slump unit at the Vadsg locality, featuring both plastic and brittle
deformation, may be attributed to several different processes related to overloading, over
steepening and/or seismic shock (Allen, 1982; Owen, 1987; Van Loon and Brodzikowski,
1987). Based on the facies analysis and field observations (e.g. Figs 35 & 36), the unit is
interpreted to be deposited on low-angle paleoslope in a prodeltaic environment. A trigger
mechanism associated with oversteepening is thus unlikely. Furthermore, overloading may

also be of less importance based on the relatively small thickness of the deformed unit
99



(maximum 2.5 meters thick). However, slump structures have been reported to be produced
on slopes with angles as low as 0.25° under the influence of seismic shock in subaqueous
environments (Field et al., 1982). There are reported several slump horizons of low-angle
slopes, which have been interpreted be produced by earthquakes (Gibert et al., 2005; Alsop
and Marco, 2011; Mastrogiacomo et al., 2012; Alberti et al., 2017) and several of these
display structures resembling the features of the Vadsg slump (e.g. slump folds). It is
therefore likely that the Vadsg slump was seismically triggered, which further strengthens

the theory of widespread deformation associated with earthquakes.

Furthermore, the investigated area are in close proximity (30-40 km) to a large fault zone,
respectively the TFKFZ (Figs 4 and 5), which presumable was seismically active at the time of
deposition of the two studied formations (Karpuz et al., 1995b; Herrevold et al., 2009).
Additionally, Rge (2003) proposed the presence of a NW—SE trending fault zone (rift basin)
in the Varangerfjorden (Fig. 6) which supposedly was active during the Riphean period (Fig.
1). Thus, it seems likely that two active fault zones in close proximity during the time of
deposition may have generated or strongly contributed to the extensive occurrence of the
SSDS in the Klubbnasen and Andersby formations. Additionally, deformation produced by

both overloading and cyclic stress associated with storm waves may have occurred.
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5.4 Stratigraphic development of the Klubbnasen and Andersby formations
The Klubbnasen Formation:

The facies associations within the Klubbnasen Formation are arranged into two overall
coarsening-upward and shallowing-upward depositional units consisting of storm dominated
facies associations (Fig. 21). The lower depositional unit (K1) displays a typical development
of a storm dominated shelf succession (Dott Jr and Bourgeois, 1982), from muddy and silty
offshore deposits (FA1) grading upwards into more sandier prodeltaic deposits (FA2), which
are further capped by stacked beds of delta front deposits (FA3) (Figs 19 & 21). The
boundaries between each lithofacies association are typically gradational suggesting a
continuously shallowing environment. These characteristics further indicate a depositional
environment controlled by a prograding shoreline towards east affected by frequent storm
reflecting an overall normal regressive development (e.g. Van Wagoner et al., 1990; Walker
and Plint, 1992; Bhattacharya and Giosan, 2003; Olariu and Bhattacharya, 2006). The top of
the uppermost sandstone bed in the lower depositional unit (K1; Figs 14A & 14B), are
overlain by beds of laminated siltstone (FA1/FA2) marking the onset of the second
depositional unit (K2) of the Klubbnasen Formation. This distinct boundary (Fig. 21) is
interpreted to represent a flooding surface associated with significant increase in water
depth or a sudden decrease in sediment supply (Catuneanu et al., 2009; MacEachern et al.,
2012). Such flooding surfaces are commonly related to delta lobe switching and
abandonment, which is a typical processes affecting prograding deltaic systems where
several upward-coarsening units are bounded by flooding surfaces (Correggiari et al., 2005;
Bhattacharya, 2006; Charvin et al., 2010).. Although, given the proposed tectonic setting of
the Klubbnasen Formation (i.e. syn-rift succession), the marine flooding surface may also be
attributed to tectonic mechanisms (Martins-Neto and Catuneanu, 2010; Gawthorpe et al.,
2018). In rift-basins, the accommodation space is partly controlled by tectonic subsidence
and/or uplift (i.e. hanging wall and footwall movements), leading to either generation or loss
of accommodation space. Additionally, tectonic activity may also generate shifts in the
footwall source area, which consequently increases or decreases the sediment supply to the
basin (Gawthorpe et al., 1994; Martins-Neto and Catuneanu, 2010; Henstra et al., 2016). The
marine flooding surface may therefore be attributed to either a rapid creation of
accommodation due to fault-controlled subsidence in the hanging-wall basin or due to

tectonic shifts in the source area leading to a decrease in sediment supply.
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The second unit of the Klubbnasen Formation (K2) comprises alternation of FA1 and FA2
recording deposition in more distal and intermediate settings. Considering the weakly
upward-coarsening nature of K2, it is most likely related to normal regressive conditions with
moderate sediment supply accompanied by hanging-wall subsidence. The upper part of K2,
consisting of laminated siltstone and sandstone, is abruptly overlain by a stacked unit of
thick-bedded sandstone, representing the lower part of Fugleberget Formation. The
occurrence of coarser-grained and cross-bedded sandstone beds (FA4, braided river deposits
(Fig. 14C)) overlying bed sets of prodeltaic origin (FA3) mark an abrupt and dramatic change
in depositional environment, from marine to fluvial settings (Fig. 22). The distinct boundary
represents a clear violation of Walthers law and may be regarded as a subaerial
unconformity (i.e. a type 1 sequence boundary following the Exxon sequence stratigraphic
terminology (SSM)). The unconformity was most likely developed during an episode of uplift
or eustatic sea-level fall where the underlying marine succession was subjected to fluvial
erosion (Plint, 1988; Catuneanu and Elango, 2001; Embry, 2002; Catuneanu et al., 2009).
Considering the overall syn-rift nature of the Vadsg Group and the presence of seismically
induced SSDs throughout the Klubbnasen Formation, it is likely that the stratigraphic
development was influenced by the evolving rift-basin (Leeder et al., 1991; Gawthorpe et al.,
1994; Carr et al., 2003; Henstra et al., 2016). Displacement of the basin-bounded normal
faults may have induced footwall uplift, which consequently result in major changes in the
depositional environment (Gawthorpe and Leeder, 2008). During footwall uplift, larger areas
are exposed facilitating extensive erosion of the underlying sediments, which subsequently
increases the sediment supply. Thus, tectonically-induced displacement, possibly associated
with footwall uplift, seems like an adequate mechanism in generating the subaerial

unconformity (Gawthorpe et al., 1994).

The Andersby Formation displays similar characteristics as the Klubbnasen Formation,
although deposits of FA3 (delta front deposits) are seemingly lacking. Similar to the
Klubbnasen Formation, the Andersby Formation consists of two depositional units (A1 and
A2). The lower unit (A1) is dominated by mudstone/siltstone, which pass vertically into more
sandstone-rich deposits of prodeltaic origin (FA2) (Figs 15, 17 & 18) reflecting an overall
prograding succession. In contrast to the Klubbnasen Formation, the lower unit of Andersby

Formation terminates after FA2. The unit is further overlain by depositional unit A2
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consisting of mudstone- and siltstone-dominated outer shelf deposits (FA1) recording
sudden decrease in sediment input and deepening of the lithofacies assemblage. The distinct
boundary separating the two units resembles the observed flooding surface within the
Klubbnasen Formation, indicating a similar origin of the surface. It is thus suggested that the
contact represents a marine flooding surface associated with either delta lobe switching or
as a result of tectonic activity leading to either an increase in the accommodation space (i.e.

tectonic subsidence) or drastic changes in the source area (sudden decrease in sediment

supply).

The upper depositional unit of A2 is a relatively thin depositional unit (maximum 3 meters)
dominated by siltstone and mudstone of possible outer shelf origin (FA1; Fig. 24). The unit is
further truncated by thick-bedded sandstone (lithofacies 9 and 10) marking a distinct
transition (Fig. 24) into the overlying cross-bedded sandstone unit of the Paddeby Formation
(Fig. 8), which is attributed to deposition in a braided river system (FA4; 13C, 22). Based on
the sudden and dramatic facies shift, from outer shelf deposits (FA1) to braided river
deposits (FA4), the surface is interpreted to represent a subaerial unconformity (i.e. type 1
sequence boundary) related to a relative sea-level fall. Similar to the subaerial surface of the
Klubbnasen Formation, the generation of the unconformity is most likely the consequence of

footwall uplift in the rift margin.

There are clear similarities between the stratigraphic evolution of the Klubbnasen and
Andersby formations. Both of the formations contain overall upwards-coarsening units
bounded by marine flooding surface, which in turn are overlain by deposits of fluvial origin
separated by subaerial unconformities. It thus seems likely that the Klubbnasen-Fugleberget
formations and the Andersby-Paddeby formations represent two stratigraphic successions of
similar depositional trends, recording the cyclic infill history to the rift basin reflecting
recurrent episodes of subsidence and uplift (Gawthorpe et al., 1994; Gawthorpe and Leeder,

2008; Martins-Neto and Catuneanu, 2010).

The finer-grained Klubbnasen and Andersby formations most likely record deposition
following hanging wall subsidence where progressively new accommodation space was
generated. Eventually, the sediment input outpaced the subsidence rate (i.e. periods of

relatively tectonic quiescence) and consequently leading to the formation of a successively
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progradation deltaic successions (Strachan et al., 2013). The presence of predominantly fine-
grained material in the Klubbnasen and Andersby formations indicate relatively low
sedimentation rates where only the finer-grained fraction reached the basin. Rift basins may
experience such low rates of sediment supply due to low relief in the footwall source area or
as result of longer transporting distances to the basin, which is both typical for marine rift
basins (Ravnas and Steel, 1998; Martins-Neto and Catuneanu, 2010). During the gradual infill
of the basin, minor episodes of subsidence may have occurred, generating a rise in the
relative sea level, which further resulted in the formation of the marine flooding surfaces

observed within both the formations.

The observed subaerial unconformities the from a marine to a fluvial deposits, have been
attributed to a sudden uplift of the footwall leading to a dramatic fall in base level, which
further provoked extensive footwall erosion (Ravnas and Steel, 1998). As a result, the
sediment supply to the basin increased, while the distance from the source area to the
accommodation space and sediment accumulation decreased, governing high aggradation
rates and the generation of fluvial deposits (i.e. Fugleberget and Paddeby formations). A
following sea-level rise due tectonic subsidence of the hanging wall resulted in the drowning
of the coarser-grained fluvial deposits (i.e. the Fugleberget and Paddeby formations) giving

rise to a new depositional cycle.

It thus seems likely that fault displacement within in the rift-basin partly controlled the
sequence stratigraphic evolution of the Klubbnasen-Fugleberget formations and the
Andersby-Paddeby formations successions. Although, this is a simplified interpretation and
does not consider various external forcing mechanisms (e.g. climate and base-level changes)

and internal feedback mechanisms affecting the sedimentation.

5.5. Depositional environment
The clear similarities between the Klubbnasen and Andersby formations regarding both

hydrodynamic processes and stratigraphic development (Fig. 39) indicate that the two
formations represent overall similar depositional environments. Based on the lithofacies and
facies association analysis including the including a soft-sediment deformation investigation

presented here, a storm-influenced prodeltaic and delta front origin are proposed as the
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depositional environments for the two formations (Fig.39). The deltas were presumably
deposited in a seismically active basin were the main sedimentary processes were storm-
generated waves and currents, river-fed flows (i.e. hyperpycnal flows) and gravity-driven
flows. The depositional environment can roughly be divided into three, which record the
proximal settings above FWWB (FA3; delta front), intermediate settings above mean SWB
(FA2, prodelta) and the outer shelf below mean SWB (FA1) representing the distal offshore
(basinal) deposits (Figs 38 &39).

Wave-enhanced turbidity currents were most likely the main transporting agent in
distributing sand eastward onto the delta front (FA3) and prodelta (FA2). The turbidity
currents were most likely governed by hyperpycnal flows related to river floods (large
storms) and/or triggered by cyclic stress from storm waves/seismic waves at the delta front.
These processes are common in modern deltaic settings and have been inferred from
ancient deltaic successions elsewhere (Mulder and Syvitski, 1995; Wheatcroft and Borgeld,

2000; Mulder et al., 2003; Bhattacharya and MacEachern, 2009).

Considering the previously proposed syn-rift origin of both the Klubbnasen and Andersby
formations (Rge, 2003), the abundancy of seismically induced SSDS and slumps, as well as
the cyclic stacking pattern documented in this study, it seems likely that the basin evolution
was subjected to periods of seismic activity (Leeder et al., 1991; Gawthorpe and Leeder,
2008; Martins-Neto and Catuneanu, 2010; Henstra et al., 2016; Gawthorpe et al., 2018). The
deposition most likely took place in a hanging wall depocenter (e.g. half graben), which was
frequently subjected to both fault-controlled subsidence and uplift. Based on the
paleocurrent data from both of the formations and the overlying Fugleberget and Paddeby
formations, the depositional environment was advancing dominantly eastward nearly along-
strike with the proposed rift-basin, which have previously been interpreted to be NW—SE
oriented. The sediment entry point from the source area may therefore originate from a
relatively low-gradient relay ramp dipping eastward connecting two fault segments
(Gawthorpe and Leeder, 2008). Although, other fault-controlled topographies may also have
affected the sediment input from the source area (Ravnas and Steel, 1998; Gawthorpe and

Leeder, 2000; Henstra et al., 2016).
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Fig. 39. Depositonal model of the Klubbnasen and Andersby formations. Not to scale.Section A to B represent the

profile in Figure 38.

106



6. Conclusion

This thesis presents a detailed sedimentological study of the Klubbnasen and Andersby Formations,
Varanger Peninsula in eastern Finnmark. In addition, the lower part of Fugleberget and Paddeby
formations were investigated superficially to establish the formation boundaries and sequence
stratigraphic relationship. Based on the lithofacies and facies association analysis, including the soft-
sediment deformation investigations, the depositional environment and sequence stratigraphic

development were established.

The main conclusion of this study is summarized below:

e Atotal of ten lithofacies (Table 1) were recognized within the investigated sections.
Laminated mudstone/siltstone (lithofacies 1) and interbedded siltstone/sandstone
(lithofacies 2) reflect relatively quiet conditions during fair-weather deposition where only
weak combined-flows occasionally emplaced sand. HCS siltstone (lithofacies 3), massive
sandstone (lithofacies 4), planar laminated sandstone (lithofacies 5), HCS and SCS sandstone
(lithofacies 6 and 7) and combined-flow rippled sandstone (lithofacies 8) reflects deposition
during frequent storm events and typically represent intervals of a typical tempestite bed.
Cross-bedded and planar-bedded sandstone (lithofacies 9 and 10) were mainly governed by

strong unidirectional flows where the supply of sand was sufficient.

e The facies analysis revealed four lithofacies associations reflecting four different depositional
settings. The facies associations include outer shelf (FA1), storm-influenced prodelta (FA2),
storm-influenced delta front (FA3; only observed in the Klubbnasen Formation) and braided

river deposits (FA4; only observed in the Fugleberget and Paddeby formations).

e The numerous tempestite beds are interpreted to be governed by a combination of
oscillatory flows (i.e. storm waves) and unidirectional flows (i.e. turbidity currents) producing
variations of the typical wave-modified turbidite bed. A typical storm bed (e.g. wave-
modified turbidite) reflected an initial stage of strong, but decelerating offshore directed
unidirectional flows (e.g. turbidity currents), which was followed by gradually increase in the
oscillatory-component of flow (storm waves) governing an oscillatory-dominated combined-
flow structures. The variation of storm-bed architectures is attributed to the temporal and

spatial evolution of the two transporting agents, including the topography of the seafloor

107



and proximity to the delta front. Proximally, the beds become more amalgamated and
anisotropic, favouring bed-form migration, while they distally become thinner and less

complex.

The abundancy of soft-sediment deformation structures in both the Klubbnasen and
Andersby formations, including ball-and-pillow structures and convolute/contorted
lamination, support seismic activity as the main trigger mechanism. Additionally, the laterally
extensive soft-sediment deformed unit in the Vadsg locality (exposing the Andersby
Formation) is interpreted to represent seismically-induced slump evolving on a low-angle

prodelta slope.

Both the Klubbnasen and Andersby formations are characterised by an overall
progradational and regressive stacking trend, with prodeltaic to deltaic deposits forming
upward coarsening units. They are internally bounded by marine flooding surfaces,
interpreted to represent periods of sudden tectonic subsidence of the hanging-wall or
change in source area relief leading to a decrease in sediment input. Subaerial
unconformities formed by sudden footwall uplift bound the Klubbnasen and Andersby
formations to the overlying braided river deposits of the Fugleberget and Paddeby
formations. The Klubbnasen-Fugleberget formations and the Andersby-Paddeby formations
successions were most likely developed in hanging-wall depocenter within a seismically
active rift-basin (NW—SE trending), which experienced episodes of both hanging-wall

subsidence and footwall uplift.
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