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Abstract

The Kongsfjord Formation is a Late Precambrian deep-marine sedimentary succession exposed
along the northern coastline of the VVaranger Peninsula, northern Norway. Several studies in the
1970s and 1980s led to the recognition of the Formation as an ancient submarine fan system
and to the identification of several architectural elements, including lobes and channels.
However, there are no published work documenting bed type variability in detail and recent
investigations of the lobes are lacking. This study is based on outcrop data, including
stratigraphic logs and digital outcrop models collected in three localities. The recognition of
eight bed types suggests that the Formation was deposited by various sediment density flows
including high- and low-density turbidity flows, transitional flows and cohesive debris flows.
The investigated outcrop sections comprise stacked lobes that record deposition in unconfined
settings. Lobes have a two-fold architecture with a thin-bedded lower part and a thick-bedded
upper part that record deposition in lobe fringe, off-axis and axis settings. Lobes commonly
show thickening upward trends interpreted as recording lobe progradation. In the most proximal
investigated areas, scours record sediment bypass and deposition in confined and semi-confined
settings. Hybrid event beds interpreted as being deposited by transitional flows that transformed
from turbulent to laminar flow conditions, occur in lobe fringe and lobe off-axis settings of the
most distal areas. Two sub-types of hybrid event beds are observed throughout the Formation,
suggesting that different mechanisms led to flow transformation. The distribution of hybrid
event beds throughout the Kongsfjord Formation may reflect periods of slope disequilibrium
and the dominant stacking patterns of lobes. Differences in lobe dimensions and stacking
patterns between the investigated outcrop sections indicate differences in flow evolution and
feeder channel geometry and stability. Thin, aggradationally to compensationally stacked lobes
are deposited in slope-proximal settings. Thick, aggradationally to compensationally stacked
lobes are deposited in distal basin-floor settings. The Kongsfjord Formation accumulated in a
rift basin as part of N-NE prograding slope to basin-floor system comprising the overlying
fluvio-deltaic successions of the Basnaringen Formation. High sedimentation rates and slope
instability are likely to be the main controls for the deposition of the Kongsfjord Formation

turbidite system as coalescent lobes on the basin-floor.
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1 Introduction

Subaqueous sediment density flows are volumetrically the most important flow process for
transporting sediments across the surface of Earth (Talling et al., 2015). They contribute to the
formation of canyons and channel-levee systems and deposit submarine fan systems that can
extend far into the deep ocean. Their deposits are valuable records of climatic, eustatic and
tectonic changes and may form important hydrocarbon reservoirs that are targets for
exploration. Sediment density flows are difficult to monitor directly due to their location and
unpredictable occurrence. Few direct measurements of sediment density flows have been
obtained by cable breaks and instruments (e.g., the 1929 Grand Banks event, the 1979 Nice
event, the 2006 Pingtung event offshore SW Taiwan; Mulder et al., 1997; Piper et al., 1999;
Hsu et al., 2008). Therefore, much of the present understanding of sediment density flows and
their deposits comes from modern sea floor studies (e.g., Normark, 1970, 1978; Mulder et al.,
1997; Wynn et al., 2002; Gervais et al., 2006; Deptuck et al., 2008) or from preserved ancient
outcrops (e.g., Bouma, 1962; Mutti & Ricci Lucchi, 1972, 1978; Hodgson et al., 2006; Tinterri
& Tagliaferri, 2015).

The description of deep-marine graded sandstone beds in the northern Apennines by Kuenen
and Migliorini (1950) led to a revolution in the field of deep-water research. These beds were
interpreted as deposited by turbidity currents defined as sediment-laden flows that travel down
current due to their excess densities. The term ‘turbidites’ was introduced by Kuenen (1957) to
describe these deposits. These revolutionary works led to numerous studies of subaqueous
sediment density flows and their deposits. Combined field studies and laboratory experiments
resulted in several facies schemes (e.g., Bouma, 1962; Mutti & Ricci Lucchi, 1972; Middleton
& Hampton, 1973; Walker, 1978; Lowe, 1982). Based on these studies, the concept of turbidity
current progressively evolved to include a wide range of flow types that occur in deep-water
systems such as high- and low-density turbidity flows, debris flows (Middleton & Hampton,
1973; Carter, 1975; Lowe, 1982) and more recently slurry and transitional flows (Lowe & Guy,
2000; Haughton et al., 2003; Baas & Best, 2008; Haughton et al., 2009). The study of both
modern and ancient submarine fan systems also led to the construction of several predictive
depositional models for sediment density flows. Amongst the most influential fan models are
the ones developed by Normark (1970) based on modern submarine fan systems offshore
California and Mexico and by Mutti and Ricci Lucchi (1972, 1975) and Walker (1978) based



on outcrop studies of preserved ancient submarine fan systems in the Apennines, Pyrenees,
Appalachians and in California. These models led to the recognition of different architectural
elements: lobes, channels, interchannels; and of distinct sub-environments: inner, middle and
outer fan. In the following years, these models formed the basis of the study of submarine fan

systems.

High resolution bathymetric and seismic studies have provided valuable information on the
morphology of submarine fan systems and enabled the recognition of architectural elements
based on the identification of their geometries (Normark, 1978; Pickering et al., 1995; Prather
et al., 2000; Sprague et al., 2005; Gervais et al., 2006; Deptuck et al., 2008). However, the
development of bathymetric and seismic studies also led to the questioning of the classical
submarine fan models because of the difficulties in comparing modern and ancient systems
(e.g., Bouma et al., 1985; Mutti & Normark, 1987; Mutti & Normark, 1991; Piper & Normark,
2001). Submarine fan systems can differ greatly from each other and their characteristics
depend on the interaction of several factors such as basin morphology, tectonics, sediment
supply, eustasy and climate (Bouma, 2004; Mutti et al., 2009). Thus, detailed stratigraphic
analysis of individual submarine fan system is necessary to understand their deposits and
associated formative processes. Recent studies of ancient submarine fan systems focus on the
recognition of the hierarchic order of depositional elements and their facies associations (e.g.,
Amy & Talling, 2006; Hodgson et al., 2006; Prélat et al., 2009; Cunha et al., 2017; Tinterri &
Piazza, 2019; Piazza & Tinterri, 2020). These studies showed that detailed facies analysis
combined with stratigraphic analysis is a key to understanding ancient submarine fan systems

and the controls on their formation.

In the last decades, lobes have been extensively studied across various submarine fan systems
(e.g., Deptuck et al., 2008; Prélat et al., 2009; Bourget et al., 2010; Grundvag et al., 2014;
Marini et al., 2015; Brooks et al., 2018b; Piazza & Tinterri, 2020; Zhang & Li, 2020; Rohais et
al., 2021). Lobes are the most down-dip elements and the largest depositional bodies of
submarine fan systems and record changes in climatic, eustatic and tectonic conditions (Mulder
& Etienne, 2010; Prélat et al., 2010). Seismic and bathymetric studies have provided better
insight to the internal architecture of lobes and resulted in several hierarchical classifications
(e.g., Gervais et al., 2006; Deptuck et al., 2008). However, these studies are limited by the low-
resolution of seismic data and often lack the high-resolution documentation of facies



distributions permitted by outcrop studies. Recent outcrop studies have particularly focused on
lobe stacking patterns and documented thickening and coarsening upward trends (e.g., Prélat et
al., 2009; Macdonald et al., 2011a). These trends can be used to understand the evolution of
lobe deposition through time and space. It has been observed that lobes can have complex
geometries, depositional architectures, facies distribution and stacking patterns (e.g., Gervais
et al., 2006; Hodgson et al., 2006; Deptuck et al., 2008; Prélat et al., 2009; Prélat et al., 2010;
Etienne et al., 2012; Grundvag et al., 2014; Piazza & Tinterri, 2020). These characteristics can
vary consequently even within a single submarine fan system (Deptuck et al., 2008; Etienne et

al., 2012; Marini et al., 2015) and give insights to the factors controlling the deposition of lobes.

This study investigates the Kongsfjord Formation, a Neoproterozoic deep-marine sedimentary
succession that crops out on the Varanger Peninsula, northern Norway (Fig. 2.1). The
Formation consists mainly of interbedded sandstone and mudstone and has been interpreted as
an ancient submarine fan system by several authors (Pickering, 1985; Drinkwater et al., 1996).
The Formation has been extensively studied in the 1970s and 1980s (Siedlecka, 1972;
Pickering, 1979, 1981, 1982a, 1983). These studies recognised different architectural elements
including channels and sheets and interpreted depositional sub-environments such as middle,
transitional and outer fan areas. The Formation has also been used as an analogue for
hydrocarbon reservoirs (Drinkwater & Pickering, 2001). However, these studies were most
likely influenced by the classical submarine fan models of Mutti and Ricci Lucchi (1972) and
Walker (1978). Since these descriptions, major advances in the understanding of subaqueous
sediment density flows and their deposits have been made, particularly with the increased
understanding of flow behaviour, flow transformation leading to the deposition of hybrid event
beds, and lobes and their internal architecture. Thus, a re-investigation of the Kongsfjord
Formation is needed in order to put the succession within the perspective of the state-of-art of

deep-water research. The objectives of this thesis are therefore the following:

e Investigate the sedimentology and architecture of the Kongsfjord Formation and
determine the processes under which the succession accumulated. What types of
sediment density flows deposited the succession? Did the entire Formation deposit
under turbidity flows or are there signs of flow transformation and deposition by other

types of sediment density flows?



Identify and characterise the architectural elements of the Kongsfjord Formation and
determine their origin. What are their internal architecture and their depositional
environments?

Characterise lobes of the Kongsfjord Formation and determine what factors controlled
their internal architecture. Is there cyclicity in lobe stacking patterns? Do lobes show

similar characteristics across the Formation? What are the controls on their deposition?



2 Geological framework

The Varanger Peninsula is located in north-eastern Finnmark, in northern Norway (Fig. 2.1A).
It is bounded by Tanafjorden to the west, the Barents Sea to the north, and Varangerfjorden to
the south and to the east. The Varanger Peninsula comprises well exposed sedimentary
successions (Fig. 2.1B). These successions most likely accumulated in rift-basins during the
Late Precambrian (Drinkwater et al., 1996; Roberts & Siedlecka, 2002; Rge, 2003; Nystuen,
2008). They were later affected by several episodes of deformations during the Timanian and
particularly the Caledonian orogeny (Herrevold et al., 2009). The present-day geology of the
Varanger Peninsula thus reflects a complex tectonic and stratigraphic history outlined in the

following sections.
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Figure 2.1: (A) Topographic map of Norway showing the location of the Varanger Peninsula. Source
map: NMA (2021a). (B) Simplified geological map of the Varanger Peninsula. The principal paleocurrent
directions are indicated by grey arrows. TKFZ - Trollfjorden—Komagelva Fault Zone; BSR- Barents Sea
Region; TVR-Tanafjorden—Varangerfjorden Region. Red squares highlight the main outcrop areas of
the Kongsfjord Formation. Modified after Roberts and Siedlecka (2012).



2.1 Tectonic development of the Varanger Peninsula

2.1.1 RIifting and basin development

The sedimentary successions from the Varanger Peninsula most likely accumulated in a
passive, extensional margin on the northeastern margin of Baltica during the break-up of the
late Precambrian supercontinent Rodinia (Roberts & Siedlecka, 2002; Nystuen et al., 2008).
Rodinia presumably formed during the Meso-Proterozoic after the collision of the existing
cratons and existed from ca. 1100 Ma until ca. 860 Ma when the cratons started to break apart
(Li et al., 2008; Bogdanova et al., 2009). The break-up of the supercontinent was possibly
initiated by a superplume that led to continental arching and rifting (Li et al., 1999; Li et al.,
2008; Bogdanova et al., 2009). During the rifting phase, several basins formed on the future
margins of the cratons. The active rift basins gradually turned into passive margins during the
Mesoproterozoic, allowing considerable volumes of sediment to be deposited, including the
successions cropping out in the Varanger Peninsula (Drinkwater et al., 1996; Nystuen et al.,
2008).

Meso- and Neoproterozoic sedimentary successions can be followed from the Varanger
Peninsula to the Timan Range in western Russia through the Rybachi and Kanins Peninsulas
constituting the 1800 km long, NW-SE trending Timan—Varanger Belt (Roberts & Siedlecka,
2002). These successions accumulated in two distinct active domains along the northeastern
faulted margin of Baltica, one of Rodinia’s cratons (Siedlecka & Roberts, 1992; Roberts &
Siedlecka, 2012). On the Varanger Peninsula, the sedimentary successions from the two
domains are separated by a major regional lineament: the Trollfjorden—Komagelva Fault Zone
(TKFZ). On the southwestern part of the fault zone, sediments accumulated in a pericratonic
domain (the Tanafjorden—Varangerfjorden Region, TVR, in Fig. 2.1B), while successions from
the northeastern part of the fault (the Barents Sea Region, BSR, in Fig. 2.1B) accumulated in
a basinal domain (Siedlecka & Roberts, 1992; Drinkwater et al., 1996; Roberts & Siedlecka,
2002; Nystuen et al., 2008).
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Figure 2.2: (A) Outline map showing the inferred original locations of the Barents Sea Region (BSR)
and the Rybachi Peninsula (RP) prior to translation (in green) along the Trollfjorden—Komagelva Fault
Zone (TKFZ) and juxtaposition with the Tana—Varangerfjorden Region (TVR) during the Caledonian
deformation event. Redrawn from Roberts and Siedlecka (2012). (B) Outline map showing the principal
structural trends (mostly axial surfaces of folds) of the Varanger, Rybachi and Sredni Peninsulas.
Redrawn from Roberts and Siedlecka (2002).



2.1.2 The Trollfjorden—-Komagelva Fault Zone

The NW-SE trending TKFZ is one of the most prominent structural features of the Varanger
Peninsula, forming a more than 75 km long and up to 5 km wide lineament which separates the
TVR to the south of the fault from the BSR to the north of the fault (Figs. 2.1B and 2.2). The
TKFZ extends north-westwards to the south of the Nordkinn Peninsula and offshore onto the
shelf north of Magergya (Fig. 2.2A; Gabrielsen et al., 1987). To the southeast, the fault zone
can be traced in western Russia between the Rybachi and Sredni Peninsulas linking up with the
Sredni—Rybachi Fault Zone (Fig. 2.2B; Siedlecka & Roberts, 1992; Roberts, 1995). The fault
most likely originated during the Archean time so it probably played an active role in the
formation of rift basins along the margins of Baltica during the break-up of Rodinia (Herrevold
et al., 2009). It functioned as a normal fault during the passive sedimentation in the Meso- and
Neoproterozoic and was later reactivated during several tectonic episodes from Precambrian to
Cenozoic times (Siedlecka & Siedlecki, 1967; Herrevold et al., 2009).

The TKFZ is currently considered to be a major dextral strike-slip lineament which experienced
significant offset during the Caledonian orogeny (Fig. 2.2A; Rice et al., 1989; Roberts &
Siedlecka, 2012). The structural deformation is different in the northern and southern regions.
In the BSR, north of the TKFZ, three main sets of fractures striking NW-SE, N-S and ENE-
WSW are recognised while in the TVR, south of the fault zone, the three main sets of fractures
strike NNE-SSW, NW-SE and WNW-ESE (Fig. 2.2B). These structures have been attributed
to several deformational episodes of which two major events correspond to the Timanian and
the Caledonian orogeny (Roberts & Siedlecka, 2002; Herrevold et al., 2009). Two additional
sets of faults and deformations are also seen and attributed to later reactivation episodes along
the TKFZ (Herrevold et al., 2009; Roberts & Siedlecka, 2012).

2.1.3 Timanian orogeny

A major set of NW-SW to NNW-SSE trending faults, mainly observed north of the TKFZ, has
been attributed to contractional deformation during the Timanian Orogeny (Fig. 2.2B;
Herrevold et al., 2009). The Timanian orogeny is a major collisional event that occurred mainly
during the Ediacaran from ca. 600 Ma to 560 Ma (Roberts & Siedlecka, 2002; Roberts et al.,
2004). The sedimentary successions deposited along the margin of Baltica were involved in a



collisional event against this same northeastern margin. It coincides with the conversion of the
passive margin of Baltica in which sedimentary successions accumulated into an active,
compressional margin (Roberts & Siedlecka, 2002). This resulted in several tectonic
deformation structures visible along the Timan—Varanger Belt. The Timanian orogeny also
resulted in arc magmatic intrusions from which remnants can be found in the eastern part of the
Timan—Varanger Belt (Roberts & Siedlecka, 2002). In the Varanger Peninsula, the

deformations mostly occur in the northeastern part of the Peninsula (Herrevold et al., 2009).

2.1.4 Caledonian orogeny

A major set of structures trending NE-SW to ENE-WSW observed across the Varanger
Peninsula has been attributed to a second major deformational episode during the Caledonian
orogeny (Fig 2.2B; Herrevold et al., 2009). The Caledonian Orogeny started in the early
Ordovician and culminated during the Mid Silurian to Early Devonian (Gee et al., 2008). In the
Varanger area, the Caledonian deformation caused dextral strike-slip displacement along the
TKFZ (Rice & Frank, 2003; Nystuen et al., 2008; Herrevold et al., 2009; Roberts & Siedlecka,
2012). Sedimentary successions of the BSR were displaced along the TKFZ to their present-
day location and juxtaposed with successions of the TVR (Fig. 2.2A). The displacement was
first estimated to be of the order of 500-1000 km by Kjagde et al. (1978) on the basis of
paleomagnetic data and then reviewed to approximately 250 km by Bylund (1994).

The Caledonian Orogeny also corresponds with the intrusion of several mafic dykes that cut
into Formations of the VVaranger Peninsula (Beckinsale et al., 1976; Rice & Frank, 2003; Rice
et al., 2004; Herrevold et al., 2009; Nasuti et al., 2015). These dykes mainly occur in the BSR
and have been dated of Late Proterozoic and Early Cambrian ages (Siedlecka & Roberts, 1992).
They were probably emplaced prior to the deformation or during the initial phase of the
Caledonian orogeny. A set of cleavages and folds in the sedimentary successions have also
been attributed to the Caledonian Orogeny (Herrevold et al., 2009). Rice and Frank (2003),
based on Ar/Ar ages, estimated cleavages in the mudstones of the Lagkvikfjellet Group to be of

Late Ordovician age.

Sedimentary successions of the BSR and the TVR were affected by possibly several episodes
of reactivation after the Caledonian orogeny through the Late Palaeozoic and the Mesozoic



(Siedlecka et al., 2004; Nystuen et al., 2008; Herrevold et al., 2009). Some of these episodes
probably caused the intrusion of younger dolerite dykes. Roberts (2011) re-interpreted U-Pb
ages on zircons from a dolerite dyke cutting sandstones of the Lgkvikfjellet Group in
Hamningberg to be of Late Devonian age. This dyke, similar to other dolerite dykes from the
Varanger and the Rybachi Peninsulas was thus interpreted as having formed during an episode

of post Caledonian deformation.

2.2 Stratigraphy of the Varanger Peninsula

The Tanafjorden—Varangerfjorden Region (TVR), southwest of the TKFZ, consists of ca. 4000
m thick sedimentary successions resting unconformably on crystalline Precambrian bedrock
(Siedlecka & Roberts, 1992; Rge, 2003; Roberts & Siedlecka, 2012). The successions are
autochthonous to para-autochthonous and comprise three stratigraphic groups deposited in
fluvial to shallow-marine environments: the Vadsg Group, the Tanafjorden Group, and the
Vestertana Group. The Vestertana Group comprises two tillite-bearing horizons, including the
renowned Bigganjargga tillite, indicating periods of glaciation (Siedlecka & Siedlecki, 1967;
Siedlecka & Roberts, 1992; Rge, 2003). These units are not considered further in this thesis.

Northeast of the TKFZ, the Barents Sea Region (BSR) consists of a ca. 15000 m thick
regressive sequence of mainly deep-marine to shallow-marine and fluvio-deltaic deposits
including the Barents Sea Group and the Lekvikfjellet Group (Fig. 2.3). On the western side of
the Varanger Peninsula, a NE-SW oriented thrust zone separates the Lakvikfjellet Group from
the overlying Berlevag Formation (Fig. 2.2B). The Berlevag Formation which consists of low-
grade green-schist-facies has been suggested to be part of the Laksefjord Nappe Complex which
was thrust upon successions of the BSR during the Caledonian orogeny (Kirkland et al., 2008).
The successions from the TVR and the BSR are in contact on the western side of the peninsula
where formations of the Vadsg Group unconformably overly formations of the Barents Sea
Group (Rice, 1994).

10
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Figure 2.3: Lithostratigraphy of the Barents Sea Region. Redrawn from Nystuen (2008).

2.2.1 Stratigraphy of the Barents Sea Group

The lowermost unit of the BSR, the Barents Sea Group is an approximately 9000 m thick
succession which has been subdivided into four formations (Fig. 2.3). The Kongsfjord
Formation, the focus of this thesis, is the lowermost unit of the group. It consists mainly of
interbedded sandstone and mudstone which was deposited as a series of submarine fans on the
basin floor (Pickering, 1979, 1981, 1982a, 1983, 1985; Drinkwater & Pickering, 2001). The
base of the formation is not exposed anywhere and its thickness has been first approximated to
4500 m by Siedlecka and Siedlecki (1967) but has later been re-estimated to ca. 3200 m by
Pickering (1979). The Basnaringen Formation which overlies the Kongsfjord Formation is an

approximately 3500 m thick succession of interbedded sandstones and mudstones interpreted

11



as having accumulated in prodelta, delta front and delta plain environments (Fig. 2.3). The
whole succession thus represents the progradation of the Basnaring Formation delta system
probably feeding and later prograding across the underlying submarine fans of the Kongsfjord
Formation (Siedlecka & Edwards, 1980; Pickering, 1982b, 1984; Siedlecka et al., 1989;
Hjellbakk, 1993; Hjellbakk, 1997). The 1500 m thick succession of interbedded sandstone and
mudstone, dolomite and stromatolite-bearing limestone of the Batsfjord Formation overlies
conformably the Basnaringen Formation (Fig. 2.3). The succession consist of shallow marine
and tidally influenced deposits (Siedlecka & Roberts, 1992). The overlying Tyvjofjell
Formation shows predominantly sandstone beds interpreted as representing deposition in a
shallow-marine environment with possible fluvial incursions (Siedlecka & Roberts, 1992).

2.2.2 Stratigraphy of the Lakvikfjellet Group

The Lokvikfjellet Group overlays unconformably the successions of the Barents Sea Group. It
is approximately 5700 m thick and comprises the Sandfjorden, Styret, Skjaergardnes,
Stordalselva, and Skidnefjellet Formations (Fig. 2.3). It consists predominantly of cross-
bedded and wave-rippled sandstones interbedded with siltstones and mudstones interpreted as
shallow-marine deposits with subordinate fluvial deposits (Siedlecki & Levell, 1978; Siedlecka
& Roberts, 1992). This group is not considered further in this thesis.

2.3 The Kongsfjord Formation

The first description of the successions of the VVaranger Peninsula was done by Holtedahl (1918)
who identified rocks in the Kongsfjord area as a series of shales, the “Kongsfjords skiferserie”
(p. 188). No work was done until the mid-1960s, when in an attempt to describe the
lithostratigraphic successions of the Varanger Peninsula, Siedlecka and Siedlecki (1967)
described the Kongsfjord Formation as a series of mudstones, slates and sandstones showing a
variety of sedimentary features such as graded beds, load casts, ripple marks. The first
interpretation of the formation was made by Siedlecka (1972) who described the Kongsfjord
Formation as a flysch sequence comprising graded sandstone and mudstone beds deposited by
turbidity currents. Later in the 1970s and 1980s, a massive step forward in the understanding
of the unit was made after a series of papers by Pickering (1979, 1981, 1982a, 1983, 1985).

12



Based on field investigations, he described the formation as a 3.2 km succession of sediment
density flow deposits. Pickering was the first author to recognise the Kongsfjord Formation as
an ancient submarine fan system and identified several distinct sub-environments. Based on the
differences in sedimentary features and analogy with other ancient submarine fans systems,
Pickering (1985) defined inner, middle, outer and transitional fan environments. Additional
field investigations were carried out by Drinkwater et al. (1996) and Drinkwater and Pickering
(2001) who identified architectural elements within the Kongsfjord Formation submarine fan
system, including sheets and channels. Drinkwater and Pickering (2001) also discussed the
possible application of the Kongsfjord Formation as an analogue for hydrocarbon reservoir
modelling.
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3 Data and methods

3.1 Datasets

The dataset consists of 29 stratigraphic logs, detailed photographic coverage and digital outcrop
models (DOMs), including one gathered by Julian Janocha (UiT) using a DJI Mavic 2 Pro
drone. Fieldwork was carried out in three localities where the Kongsfjord Formation crops out
along coastal sections: Seglodden in the eastern/northeastern part of the Varanger peninsula,
and the Veidnes and Nalneset locations to the north/northwest of the peninsula (Fig. 3.1). The
three localities allow detailed description of sedimentological features from laminae- and bed-
scale to macro-scale depositional elements. Because many outcrops are structurally deformed
(tilted, faulted, folded, etc.), partially eroded or scree covered, the selection of the measured

sections was mainly based on the visually determined quality of the outcrop.
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Figure 3.1: (A) Study area showing the three studied localities. Green area represents the outcrop area
of the Kongsfjord Formation. Details of the datasets in (B) Nalneset; (C) Veidnes; and (D) Seglodden.
Background maps: NMA (2021b).
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3.2 Methods

3.2.1 Fieldwork

Fieldwork consisted in measuring stratigraphic logs and acquiring extensive photographic
coverage in the three outcrop localities. The stratigraphic logs record lithology and facies, grain
size (based on field observations), sedimentary structures, sorting, bed geometry and bed

thickness.

In Nalneset, five logs from the eastern sector have been used to construct a 680 m long
correlation panel of the NE-SW oriented section with particular focus on the lateral thicknesses
and grain size variations (Fig. 3.1B). The lateral correlation panels were constructed based on
the recognition of key units (i.e., thick-bedded and amalgamated units) and bed by bed
correlation. In Veidnes, two logs measured along the southern coastline have been used to
construct a 30 m long correlation panel of a SW-NE oriented section (Fig. 3.1C). In addition,
overlapping photos were acquired to construct two DOMs in order to document the lateral
changes in bed thickness and grain size (see Fig. 3.1C for location). The photos were taken with
sufficient overlap (> 80 %) to ensure a good resolution of the model. In Seglodden, the excellent
exposure along the coastline allowed the documentation of vertical changes and trends in bed
thickness, grain size, degree of amalgamation and scouring along two continuous logs covering
ca. 250 and ca. 310 m of stratigraphy each (Fig. 3.1D).

3.2.2 Facies analysis and bed types

Based on field observations and post-fieldwork analysis of the stratigraphic logs, a series of
recurrent sedimentary facies have been recognised in the Kongsfjord Formation (Table 1).
These facies represent the basic building block of individual event beds (Table 2). The
recognition and division of event beds follow well-established principles from the literature
(e.g., Haughton et al., 2009; Muzzi Magalhaes & Tinterri, 2010; Cunha et al., 2017; Pierce et
al., 2018; Tinterri & Piazza, 2019). This allowed to deduct a number of characteristics for each
locality including sandstone/mudstone percentage, percentage of bed types (by occurrence and
thickness), and percentage of beds exhibiting sole marks. The sandstone/mudstone percentage
was based on grain size analysis reported from field observations. Potential sources of errors in

the bed type identification might be induced by altered outcrop quality due to weathering and
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post-deformational structures that resulted in poor outcrop description. In addition, the division
into bed types have to a certain degree a subjective component to it, which may result in biased

observations and bed type classifications.

3.2.3 Processing of the DOMs

The DOMs from Veidnes and Seglodden (the latter was processed by Julian Janocha) were
constructed using Agisoft Metashape Professional software. The processing was done in several
steps. The first step is the alignment of the photos where Metashape matches feature points
along the photos to generate a sparse point cloud (Fig. 3.2A and B). Then, Metashape extends
the sparse point cloud to a dense point cloud based on estimations of the camera positions (Fig.
3.2C) and then generates a mesh (Fig 3.2D). Finally, a texture layer is generated by projection
of the photos to the mesh (Fig. 3.2E). Because the photos used to construct the models from
Veidnes are not georeferenced, geographic coordinates were added to the DOM at a later stage

based on field measurements.
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Figure 3.2: Step by step
processing of the DOMSs in
Agisoft Metashape
illustrated using one of the
Veidnes DOM. (A) Aligned
photos indicated by blue
squares. (B) Sparse point
cloud. (C) Dense point cloud.
(D) Mesh. (E) Textured
model.



4 Results

4.1 Facies analysis and bed types
At outcrop scale, facies divisions record changes in grain size, lithology and sedimentary
structures and thus reflect changes in flow conditions. A total of 11 sedimentary lithofacies

have been recognized in the Kongsfjord Formation whose characteristics are given in Table 1.

Beds have been identified based on the recognition of bounding surfaces. The contact above
and below is either an accretionary or an erosional bounding surface (Campbell, 1967). In the
Kongsfjord Formation, beds have been categorized into eight bed types mainly based on their
different lithofacies assemblages and thicknesses (see Fig. 4.1 and Table 2). Four main
categories are observed: amalgamated beds or units, turbidite beds, hybrid-event beds (HEBS)
and debrite beds. Amalgamated beds may result from more than a single flow but are used when
the recognition of bounding surfaces and the identification of single beds is problematic in the
field due to a high degree of amalgamation. Turbidite beds are sub-divided into five sub-
categories (coarse-grained, thick-, medium- and thin-bedded and fine-grained) based on the
difference in bed thicknesses and grain sizes, which reflect changes in flow conditions. HEBs
are bipartite beds that record an abrupt or progressive change in flow behaviour from turbulent
to cohesive flows. Debrite beds are clast-rich conglomerates that record deposition by cohesive

debris flows.
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4.1.1 BT 1: Amalgamated turbidite beds

Description
This bed type consists mainly of thick (>1 m) sandstone beds with amalgamation surfaces being

displayed either by a sharp grain size break (BT 1a); isolated mudstone clasts in the middle of
the bed (BT 1b); or sharp breaks between successive interbeds (BT 1c; Fig. 4.1A). Type la
beds consist of a basal sandstone unit (F5) overlain by a layer of clast supported conglomerate
(F3). The transition between facies F5 and F3 shows an abrupt change in grain size across a
sharp surface (Fig. 4.2A). Occasionally, the pebbly sandstone unit is grading upward into a
finer, structureless sandstone (F5). Type 1b beds consist of very thick (> 3 m), ungraded
massive sandstone beds (F5) exhibiting large isolated ‘floating” mudstone clasts in the middle
of the bed. Type 1c beds consist typically of two amalgamated, massive, ungraded sandstone
interbeds (F5). The amalgamation surface is sharp and tabular, and the base of the upper
sandstone is occasionally loaded (Fig. 4.2B). Typically, they form medium to thick beds (0.5 -
3m).

Interpretation
These beds show signs of amalgamation between two and occasionally three sandstone beds.

Because an amalgamation surface represents an erosive contact between two deposits, these
amalgamated beds are deposited by a series of succeeding, highly erosive flows (Walker, 1966;
Mattern, 2002). This bed type is dominated by massive medium- to fine-grained sandstone (F5)
which suggests deposition by high-density turbidity flows (Bouma, 1962; Lowe, 1982). The
clast supported conglomerate (F3) of BT 1a records traction deposition beneath a high-density
turbidity flow (Lowe, 1982; Talling et al., 2012). Ho et al. (2018) suggested that pulses of
increased velocity within a flow can result in coarsening intervals superimposed upon an overall
normal graded profile. However, the distinction between amalgamated turbidites deposited by
two or more erosive turbidity flows and multi-pulsed turbidites is challenging. BT 1b beds show
isolated mudstone clasts in the middle of the bed, which presumably represent an amalgamation
surface between two sandstone beds (Walker, 1966). However, Postma et al. (1988) showed
that outsized floating mud clasts can glide along a rheological surface within a single high-
density, bipartite turbidity flow. BT 1c beds record deposition by successive erosive high-
density turbidity flows (Bouma, 1962; Walker, 1966).
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4.1.2 BT 2: Coarse-grained turbidite beds

Description
Type 2 beds consist mainly of clast supported conglomerates and very coarse-grained

sandstones. Two main sub-categories are observed (Fig. 4.1B). BT 2a beds consist of a graded
sandstone division exhibiting a conglomerate base (F3) which passes upward into a coarse-
grained sandstone division showing plane-parallel stratifications (F4; Fig 4.2C). Facies F4
locally includes layers of small (< 1 cm) aligned mudstone clasts (Fig. 4.1B). The upper part of
BT 2a beds consists of finer-grained structureless sandstone (F5) occasionally grading into
plane-parallel laminated sandstone (F6). This bed type is capped by a thin layer of mudstone
(F10). BT 2a beds are typically very thick (>1 m). BT 2b beds consist of normal graded beds
showing a basal interval of clast supported conglomerate (F3) passing upward into massive,
coarse- to medium-grained sandstone (F5; Fig. 4.2D). These beds are typically thick (0.6 — 1

m). The base of the beds often exhibits flute casts.

Interpretation
These beds record the deceleration of high-density turbidity currents (Talling et al., 2012;

Postma & Cartigny, 2014). The basal F3 facies, which is similar to the S1 division of Lowe
(1982), suggests deposition by a dense basal layer in which turbulence is supressed due to high
sediment concentration. BT 2a beds exhibit a layer of stratified, very coarse- to coarse-grained
sandstone above the basal conglomerate. These stratified layers are similar to the ‘spaced-
lamination’ described by Hiscott and Middleton (1979, 1980) and the S2 division of Lowe
(1982) and are interpreted as traction plus fallout deposition from high-density turbidity flows.
Recent experimental studies showed that these spaced laminations reflect high basal sediment
concentration and flow stratification (Cartigny et al., 2013; Postma & Cartigny, 2014). Thus,
BT 2 beds record the deceleration of high-density turbidity flow, in which a dense basal layer
deposits F3 and eventually F4 facies and the upper, more turbulent part of the flow deposits F5

facies.
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Figure 4.1: Sedimentary characteristics of the observed bed types of the Kongsfijord Formation
including: (A) Amalgamated turbidite beds. (B) Coarse-grained turbidite beds. (C) Thick-bedded turbidite
beds. (D) Medium-bedded turbidite beds. (E) Thin-bedded turbidite beds. (F) Fine-grained turbidite
beds. (G) Hybrid event beds. (H) Debrite beds. See Table 2 for a descriptive summary of each BT.

4.1.3 BT 3: Thick-bedded turbidite beds

Description
Type 3 beds consist of thick (>0.5 m), medium- to fine-grained sandstone beds. They can be

divided into 2 main sub-categories (Fig. 4.1C). BT 3a beds consist of thick, massive, ungraded
medium- to fine-grained sandstones (F5) overlain by thin mudstone units (F10). The base of
the beds is frequently loaded and exhibit various sole marks, mainly flute and groove casts.
Frondescent marks, chevrons marks and groove casts showing twisted ends are also observed
from several outcrops, in particular an impressive number of large sole marks at the base of a
bed in Veidnes (Figs. 4.3A and C). Frequently, mudstone clasts are scattered near the base of
the bed. BT 3a beds can be of great thickness (up to ca. 3 m). Conversely, BT 3b beds are
thinner with a typical thickness of 60 - 80 cm. BT 3b beds are normal graded sandstones with
a basal massive fine-grained sandstone (F5) passing upward into a plane-parallel sandstone (F6)
and occasionally into a ripple cross-laminated sandstone unit (F7; Fig. 4.1C). The base of the

beds also exhibits occasional sole marks.

Interpretation
The massive sandstone intervals are interpreted to have been deposited by high-density

turbidity flows (Bouma, 1962; Lowe, 1982). The great thickness of this bed type and the
frequent occurrence of sole marks and mudstone clasts suggest deposition by voluminous,
highly erosive, high-density flows able to erode and transport coarse material and larger mud
clasts (Talling et al., 2012). The plane-parallel laminated and current ripple cross-laminated
intervals of BT 3b beds record traction plus fallout deposition from low-density turbidity flows.
However, these laminated sandstone intervals are rarely observed in BT 3 suggesting high-
fallout rates and rapid deposition (Middleton & Hampton, 1973; Talling et al., 2012).
Alternatively, several studies proposed that massive sandstone beds result from en masse
deposition by sandy debris flows (e.g., Shanmugam, 1996; Talling et al., 2012; Talling et al.,
2013).
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Figure 4.2: Details of the bed types observed within the 3 investigated localities. (A) Amalgamated
turbidite bed (BT 1a). The amalgamation surface is displayed by an abrupt change in grain size across
a sharp surface (stippled line). (B) Amalgamated turbidite bed (BT 1c) showing sharp amalgamation
surfaces (stippled lines). (C) Coarse-grained turbidite bed (BT 2A) showing spaced stratifications (F4;
stippled lines). (D) Coarse-grained turbidite bed (BT 2B) with clast-supported conglomerate division (F3)
grading into a medium-grained sandstone (F5). (E) Medium-bedded turbidite bed (BT 4) showing plane-
parallel lamination (F6) grading upward into current ripple cross-laminations (F7) and convolute

laminations (F8). (F) Upper part of a medium-bedded turbidite bed (BT 4c) showing convolute
laminations (F8).
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4.1.4 BT 4: Medium-bedded turbidite beds

Description
This bed type consists of medium-bedded (20 — 50 cm) sandstones to siltstones. BT 4 beds are

subdivided into 3 sub bed types. BT 4a beds consist of ungraded, structureless sandstones (F5)
overlain by a thin mudstone caps (F10; Fig. 4.1D). The base of the beds is occasionally loaded
and/or exhibiting sole marks. Most frequently, the sole marks appear to be flute or groove casts
occurring separately and rarely co-occurring. BT 4b beds are normal graded sandstones with a
basal massive, fine-grained sandstone (F5) ideally grading upward into plane-parallel laminated
(F6) and current ripple cross-laminated (F7) sandstone, and eventually siltstone (F8; Fig. 4.2E).
This bed type is highly variable and often, one or several facies are missing from the ideal facies
sequence. BT 4c beds exhibit convolute laminations in the upper part of the bed occurring in a
confined interval (10 — 30 cm) above the ripple cross-laminated interval (F7) or the plane-
parallel laminated interval (F6; Fig. 4.2E and F).

Al sw " NE

Figure 4.3: Details from the succession in Veidnes. (A) Digital outcrop model of lobe 1 (shown in log 1
of Fig. 4.11). Note how the channelised lobe axis deposits scour into the underlying lobe fringe deposits
(white stippled line). (B) Lobe off-axis deposits of lobe 1. Note the two mud-rich HEBs (BT 7b; stippled

28



lines) underlying the scoured base of the lobe axis deposits. (C) Frondescent marks and groove casts
at the base of the channelised lobe axis deposits of lobe 1.

Interpretation
These bed types are very similar to BT 3a and 3b beds defined as thick-bedded turbidite beds.

The massive sandstone intervals suggest deposition by high-density turbidity flows, whereas
the finer grained sandstone to siltstone intervals record traction plus fallout from the waning,
low-density part of the same turbidity flow (Bouma, 1962; Lowe, 1982; Talling et al., 2012).
Sole marks occurring at the base of BT 4a record the bypass of an erosive, high-density turbidity
flow. The difference in bed thickness with BT 3 could indicate lower fallout rates and thus
deposition in more distal settings. BT 4c beds exhibit intervals of convolute laminated siltstone.
Gladstone et al. (2018) investigated the formation of such intervals and suggested that they
form due to a buoyancy-driven instability caused by the rapid deposition of a dense mud-rich
interval on top of a less dense, sand-rich interval. Therefore, convolute laminations record rapid

deposition under high-fallout rates.

415 BT 5: Thin-bedded turbidite beds

Description
These beds consist of very thin to thin (0.5 — 20 cm), fine-grained sandstones to siltstones. This

bed type has been subdivided into three main categories (Fig. 4.1E). BT 5a beds consist of thin
massive fine- to very fine-grained sandstones (F5) overlain by mudstones (F10). Occasionally,
the upper part of the beds exhibits a very thin interval of plane-parallel laminated sandstone
(F6) above facies F5. BT 5b beds are normal graded, consisting of a very-fine grained plane-
parallel laminated sandstone (F6) passing upward into a current ripple cross-laminated
sandstone (F7) and massive or laminated siltstone (F8; Fig. 4.4A). Frequently, one or several
facies are missing in sections of this bed type. BT 5c is a heterolithic bed type consisting of
alternating layers of very-fine grained sandstone to siltstone and structureless mudstone (F9)
forming thick bed sets (up to ca. 10 m; Fig. 4.4B and C). The fine-grained laminae are convolute
and planar and show occasional internal plane-parallel laminations and/or current ripple cross-
laminations. This bed type also exhibits occasional load casts and siltstone pseudonodules
embedded in the mudstone (Fig. 4.4C).

29



Figure 4.4: (A) Thin-bedded turbidite bed (BT 5b) showing current ripple cross-laminations (F7; stippled
lines). (B). Bed set of thin-bedded turbidites beds (BT 5c). Note the sandstone pseudonodules
embedded in the mudstone intervals (stippled lines). (C) Siltstone laminae and pseudonodules
embedded in mudstone in thin-bedded turbidites beds (BT 5c). Note the laminations within the
pseudonodules (stippled lines). (D) Fine-grained turbidite bed (BT 6a).

Interpretation
The massive sandstone intervals in BT 5a are interpreted to be deposited by a high-density

turbidity flow, presumably of limited volumes in distal settings (Bouma, 1962; Lowe, 1982;
Talling et al., 2012). The plane-parallel laminated sandstones and current cross-laminated
sandstones of BT 5b and 5c beds record traction plus fallout deposition from low-density
turbidity flows, whereas the siltstone intervals record deposition by fallout from the more dilute
part of the flows (Bouma, 1962; Stow & Shanmugam, 1980; Talling et al., 2012). Collectively,
these normal graded beds indicate deposition by depletive, waning, low-density turbidity flows.
BT 5a and BT 5b beds are very similar to BT 4a and BT 4b beds and thus can be seen as a distal
continuation of these bed types that are deposited in more distal settings where the fallout rates

are lower.

30



mudstone clasts

mudstone clasts

3 s

i
D
-,

31



Figure 4.5: Details of the bed types. (A) Hybrid event bed (BT 7a) with a relatively sand-rich matrix
containing abundant mudstone clasts. (B) Hybrid event bed (BT 7a). Note the large mudstone clasts.
(C) Hybrid event bed (BT 7a) showing a banded mudstone division. (D) Hybrid event bed (BT 7b)
overlying thin-bedded turbidite beds (BT 5c). Note the abundant soft sediment deformation. (E) Hybrid
event bed (BT 7b). Note the abundant soft sediment deformation. (F) Debrite bed (BT 8a) with a mud-
rich matrix containing large mudstone clasts. The bed is under- and overlain by thick-bedded turbidite
beds (BT3). (G) Debrite bed (BT 8a). Note how the mudstone clast (stippled lines) is deformed and
show internal laminations (plain lines). (H) Debrite bed (BT 8b) with a sand-rich matrix containing mainly
sub-horizontal oriented pebbles and mudstone clasts.

BT 5c beds which show very-fine grained sandstone to siltstone laminae, are deposited by
suspension fallout from dilute, low-density turbidity currents (Bouma, 1962; Stow &
Shanmugam, 1980). When laminations occur, they record traction deposition from the coarser
sand and silt grains, whereas the mudstone interbeds represent fallout of mud from the dilute
tail of the fine-grained turbidity currents. These beds record frequent changes in flow velocity
where very-fine grained sandstone and siltstones are deposited during period of higher energy
and mud settles during period of reduced energy (Stow & Shanmugam, 1980). Thus, this bed

type indicates deposition by successive, mud-rich, waning turbidity flows.

4.1.6 BT 6: Fine-grained turbidite beds

Description
This bed type consists of siltstone and mudstone beds forming two distinct subdivisions. BT 6a

beds consist of thin- to medium-bedded (10 — 30 cm) siltstones (Fig. 4.1F). The beds are normal
graded, exhibiting massive siltstone, plane-parallel laminations and occasionally current ripple
cross-laminations that passes upward into structureless mudstone (Fig. 4.4D). Occasionally,
convolute laminations occur in a confined interval near the top of the bed. Type 6b beds form
mudstone units that can be up to ca. 50 cm thick (Fig. 4.1F). The mudstone is structureless or
plane-parallel laminated. These beds are often partially eroded in the present-day landscape.

Interpretation
These beds have a higher mud proportion than other bed types indicating deposition by dilute,

mud-rich turbidity currents. Type 6a beds show normal grading indicating the deceleration of
dilute, mud-rich fine-grained turbidity flows (Bouma, 1962; Stow & Shanmugam, 1980). BT

6b beds which consist only of mudstone record deposition by hemipelagic fallout (if laminated)
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or by rapid suspension fallout from dilute, mud-rich density currents (if structureless; Bouma,
1962; Stow & Shanmugam, 1980).

4.1.7 BT 7: Hybrid event beds

Description
Type 7 beds consist of bipartite sandstone beds showing a basal structureless sandstone division

(F5) and an upper, clast-rich, heterogeneous sandstone division (F11; Fig. 4.1G). The
heterogeneous sandstone divisions contain abundant mudstone clasts, pseudonodules and
patches of sandstone loaded into a mud-rich matrix (Figs. 4.3B and 4.5A, B, C, D and E). Two
main sub-categories have been observed: very thick to thick beds (BT 7a) and medium to thick
beds (BT 7b). Type 7a beds are typically > 1 m thick and contain a thick basal sandstone
division. The sandstone unit exhibits large, isolated mudstone clasts towards the top and is
overlain by thin alternating layers of mudstone (banded division) passing upward into the mud-
rich sandstone division containing large mudstone clasts (Fig. 4.5A, B and C). Conversely, BT
7b beds consist of a thin (< 20 cm) clean sandstone division directly overlain by the mud-rich,
commonly soft-sediment deformed heterogenous division (Figs. 4.3B and 4.5D and E). The
mud-rich heterogeneous division contains less and smaller mudstone clasts than BT 7a.

Interpretation
These beds are interpreted to be the result of transitional flows where the lower structureless

sandstone division is deposited incrementally by a high-density turbidity current, and the upper
clast-rich division is deposited en masse by a cohesive debris flow. Similar bed types are
described by numerous studies in several Formations and various sedimentary basins,
particularly during the two last decades (Lowe & Guy, 2000; Haughton et al., 2003; Amy &
Talling, 2006; Haughton et al., 2009; Pierce et al., 2018). According to Haughton et al. (2003),
the systematic co-occurrence of these two units and the irregular boundary between the two
units suggest that the processes are co-genetic. Several mechanisms have been invoked for the
linkage of the two processes including flow transformation of a turbidity current by progressive
entertainment of mud causing turbulence damping and transformation of the flow to a cohesive
debris flow (Haughton et al., 2003; Haughton et al., 2009). In bed type 7a, the thin alternating

finer grains layers (banded division) on top of the clean sandstone division could reflect
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deposition by flows that are intermediate between turbulent and laminar flow conditions and
thus suggest gradational flow transformation (Lowe & Guy, 2000; Haughton et al., 2009).

4.1.8 BT 8: Debrite beds

Description
This bed type consists of two distinct sub-types of clast-rich conglomerates observed in the

Nalneset section (Fig. 4.1H). BT 8a beds consist of mud-rich, fine-grained sandstone matrix
containing abundant clasts (F1; Fig. 4.5F and G). The clasts consist mainly of quartz pebbles
to cobbles and larger laminated, yet deformed mudstone clasts, all embedded in the matrix (Fig.
4.5G). BT 8b beds consist of fine-grained sandstone matrix also containing abundant quartz
pebbles and mudstone clasts (F2; Fig. 4.5H). However, the mudstone clasts are relatively
smaller than in BT 8a and the quartz pebbles appear to have a preferred sub-horizontal
orientation. BT 8 beds have only been observed in the Nalneset outcrop section and the lateral

extension of these beds is very limited.

Interpretation
These beds are interpreted as deposited en masse unlike the turbidites beds deposited

incrementally (Talling et al., 2012). BT 8a beds are interpreted as deposited by laminar cohesive
flows in which turbulence is supressed due to a high mud content or due to a high concentration
of clasts (Mulder & Alexander, 2001; Talling et al., 2012). The presence of large laminated
mudstone clasts chaotically dispersed in a mud-rich matrix suggests deposition by a high-
strength muddy debris flow (Talling et al., 2012). The mudstone clasts also show evidence of
internal shear (Fig. 4.5G). BT 8b resembles the Al facies of Mutti (1979) interpreted to have
been deposited by gravelly turbidity currents. In fact, the sandier aspect of the matrix and the
preferred orientation of the clasts could suggest deposition by a high-density turbidity flow
(Lowe, 1982). However, the presence of mudstone clasts showing evidence of internal shear
and the chaotic aspect of the deposit suggest en masse deposition by a cohesive debris flow
(Mulder & Alexander, 2001). Mulder and Alexander (2001) suggested that the concentration
of coarse particles within horizons and their preferred orientation could be the result of pulsed

shearing within a laminar flow.
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4.2 Depositional architecture and depositional environments

4.2.1 Architectural elements

Based on the vertical and lateral distribution of bed types, two main distinct architectural
elements have been identified in the Kongsfjord Formation: channels and lobes. Channels are
negative, elongate features that represent long-term pathways for sediment transport (Mutti &
Normark, 1991). Channels record sediment bypass and deposition in confined settings
(Mattern, 2002; Sprague et al., 2005). In some outcrop studies, the recognition of channels was
based on the identification of their lenticular geometries and the erosive relationship to their
underlying and surrounding strata (Eschard et al., 2003; Gardner et al., 2003; Hubbard et al.,
2008). However, in the Kongsfjord Formation, the plan-form geometries of channels have not
been observed because of outcrop limitations. Instead, the recognition of channelised deposits
is based on the following criteria: (i) recognition of an erosive base, commonly with abundant
flute and scour marks; and (ii) a high degree of amalgamation (i.e., a high proportion of BT 1
beds, which are interpreted to record deposition in confined settings). In the Kongsfjord
Formation, the observed channels are typically shallow (<1 m erosional relief) and consist of a
high proportion of BT 1, BT 2, and BT 3. The channels are commonly referred to as scours due

to their shallow erosional reliefs.

Lobes record unconfined deposition in front of channels (Normark, 1970; Mutti & Ricci Lucchi,
1972). Many hierarchical classifications have been proposed for lobes (see Cullis et al., 2018).
Here, a four-order classification scheme similar to the scheme developed by Prélat et al. (2009)
for the Karoo Basin is adopted. The lowest hierarchical division, a bed, results from a single
depositional event. Beds stack together into distinctive lobe elements. Compensational stacking
of lobe elements forms lobate or lenticular bodies termed lobes. At larger scale, compensational

stacking of genetically related lobes typically forms lobe complexes.

Traditionally, lobate and lenticular geometries have been an important recognition criteria for
turbidite lobes (Gervais et al., 2006; Deptuck et al., 2008). However, the recognition of such
architectural elements is difficult in many outcrop and subsurface data sets, especially as these
geometries are best observed in outcrops of great lateral extent and those having a three-

dimensional component. Thus, the term sheet/sheet-like have commonly been applied to
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describe tabular units in numerous outcrop studies (Satur et al., 2000; Drinkwater & Pickering,
2001; Eggenhuisen et al., 2011; Cunha et al., 2017; Marini et al., 2020). In the Kongsfjord
Formation, the recognition of lobes has been based on two main criteria: (i) the systematic
vertical stacking of beds into tabular-shaped, composite units of variable thicknesses exhibiting
a thin-bedded lower part and a thick-bedded upper part, and which internally may comprise a
series of smaller coarsening and thickening upward sub-units. These sub-units are interpreted
as compensationally stacked lobe elements, which together form thicker composite units
representing lobes; (ii) the recognition of sharp facies breaks, such as an abrupt transition from
thick-bedded upward into thin-bedded turbidites, that demarcate stratigraphic surfaces
interpreted as representing bounding surfaces between successive lobes (Prélat & Hodgson,
2013). The thin- to thick-bedded composite units representing lobes are 1.5 to 27 m thick,
whereas its constituent lobe elements, if present and recognisable, are typically some few

meters each (see Table 3 for a summary of lobe characteristics).

4.2.2 Bed type associations

The recognised lobes of the Kongsfjord Formation are characterised by a wide range of bed
types (see Table 3). Based on vertical and lateral bed type distributions, three bed type
associations are recognised and are interpreted to represent different depositional sub-
environments: lobe axis, lobe off-axis and lobe fringe deposits. The recognition criteria for
these sub-environments and their associated deposits are well-established in the literature and
numerous studies documents and interpret deposits similar to those described below (e.g., Prélat
et al., 2009; Etienne et al., 2012; Prélat & Hodgson, 2013; Spychala et al., 2015; Brooks et al.,
2018b; Rohais et al., 2021; Spychala et al., 2021).

Lobe axis
Lobe axis deposits consist of amalgamated beds (BT 1), coarse-grained turbidite beds (BT 2)

and thick-bedded turbidite beds (BT 3) and less frequently medium-bedded turbidite beds (BT
4) that are rarely separated by mudstone intervals (high sandstone/mudstone ratio). Beds are
characterised by abundant erosive features and a high amalgamation degree (Figs. 4.3A and
4.6A). These deposits typically occur in the uppermost part of lobes.
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Lobe axis deposits

Lobe fringe deposits

50 cm

Figure 4.6: Outcrop photos of lobe sub-environments: (A) Lobe axis deposits (BT 1). (B) Lobe off-axis
deposits (BT 4 and BT 6). (C) Lobe fringe deposits (BT 6).

Lobe off-axis
Lobe off-axis deposits are heterolithic and show a wide range of bed types including medium-

bedded turbidite beds (BT 4), thin-bedded turbidite beds (BT 5), fine-grained turbidite beds
(BT 6), HEBs (BT 7) and less frequently thick-bedded turbidite beds (BT 3). Beds are mostly
medium- to thin-bedded and are often separated by thin mudstone intervals (Figs. 4.3B and

4.6B). These deposits typically occur below lobe axis deposits.

Lobe fringe
Lobe fringe deposits are characterised by thinly interbedded sandstone, siltstone, and mudstone.

They comprise thin-bedded turbidite beds (BT 5), fine-grained turbidite beds (BT 6) and less
frequently HEBs (BT 7) and medium-bedded turbidite beds (BT 4; Fig. 4.6C). Lobe fringe
deposits have a higher mudstone percentage than lobe off-axis deposits (> 60%). These deposits

typically occur in the lowermost part of lobes.
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4.2.3 Nalneset

Description
The Nalneset section, located northwest of Kongsfjorden (Fig. 3.1A and B), consists of well

exposed sandstone units separated by thin intervals of mudstone. The section consists of 85 %
of very fine- to coarse-grained sandstone. Overall, the section is characterised by a high
proportion of amalgamated sandstone beds (23.8 %) and of thick-bedded turbidite beds (23.7
%; Fig. 4.7A). Medium-bedded turbidite beds (18.2 %) and thin-bedded turbidite beds (17.3 %;

Fig. 4.7A) also occur frequently. The average bed thickness is 37.8 cm.

A total of 10 stacked units, referred to as lobes, are recognised in the investigated succession
(Fig. 4.8). Typically, the base of each lobe, consists of BT 5 and/or BT 6 beds separated by
mudstone intervals (lobe fringe deposits) passing upward into BT 4, BT 5 beds eventually
separated by thin mudstone intervals (lobe off-axis deposits). The upper parts of the lobes
typically consist of one or more thick turbidite beds, often amalgamated (BT 1 or BT 3), referred
to as lobe axis deposits (Fig. 4.9A, B, C and D). Beds are often amalgamated and therefore the
recognition of lobe sub-environments is often problematic (Fig. 4.9A and B). The thicker
sandstone beds (BT 1 and BT 3) commonly have erosive bases with sole marks (5 % of all the
beds in the total section), commonly flutes casts and frequently exhibit rip-up mudstone clasts
at their bases (Fig. 4.10A). Most of the lobes exhibit a clear thickening/coarsening upward trend
passing from lobe fringe deposits in the lowermost part to lobe axis deposits in the uppermost
part of the lobe (Figs. 4.8 and 4.9A, B and C). Lobes are typically 1.5 to 5.5 m thick and stack
into a ca. 30 m thick succession that does not show any thick mudstone interval. (Fig. 4.8; Table
3).

44



‘ % Sandstone

A Nalneset

W % Amalgamated beds ‘

W% of beds with sole marks

1%

[ 0% Hybrid event beds

® Ve

% Sandstone

idnes

£

W % Amalgamated beds

5%

[ % of beds with sole marks J

W % Hybrid event beds
% Non-hybrid event beds

% Sandstone

¢ Seglodden

=

&

‘ [ W% Amaigamated beds }

Gu BT 5 jo— 15 8

W% of beds with sole marks

2%

m% Hybné event beds
% Non-hybrid event beds

M % Mudstone % Non-amalgamated beds % of beds without sole marks
50
W Occurence (number of beds)
B Cumulativo thicknoss
40
@
& 3 - ~
< 30 & &
0 " ..‘ ©
8 & @ & &
2 20 @ &
o e
@ <
10 o
«©
N o
I N
0 ul
- ~ ) < [ © ~ ©
= = = = - =
o B B o @ @ @ o

Legend

M % Mudstone % Non-amalgamated beds % of beds without sole marks | % Non-hybrid event beds
50
"
& B Cumulative thickness BT 1 : Amalgamated
turbidite beds
E 3
0 3 3 5
2 Sa i ;
z = 2 BT 2: Coarse-grained
3 s 2 | | turbidite beds
10 I < I e
= = = = L BT 3: Thick-bedded
5 5 5 B 5 5 5 5 B

turbidite beds

BT 4: Medium-bedded
turbidite beds

M % Mudstone | % Non-amalgamated beds | | "% of beds without sole marks
5 BT 5: Thin-bedded
a turbidite beds
pn W Cumulative thickness P
£ 30 - BT 6: Fine-grained
8 S FE turbidite beds
> 20 2 = = M
- b4 oY e
2 1 )
@ 10 1 i
3 o 8 I BT 7: Hybrid event beds
o L al 1
g~ o~ © - © ~ ©
& & B & & & &

BT 8: Debrite beds

Figure 4.7: Diagrams showing the percentage of bed types by thickness and pie charts showing: (i) the
sandstone/mudstone percentage; (ii) the degree of amalgamation; (iii) the proportion of beds showing
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sole marks (by number of beds) and; (iv) the proportion of HEBs (by thickness) for the (A) Nalneset, (B)
Veidnes, and (C) Seglodden outcrop sections.

The good exposure and the tabular shape of the beds allowed the beds to be traced laterally for
distances up to 680 m (Fig. 4.8). Some lobes exhibit lateral changes in thicknesses however, no
pinch out is observed at the scale of the outcrops. Based on the correlated section, it seems that
several lobes are thickening towards the southwest (e.g., lobes 7, 8 and 9 thicken of 3 m over a
680 m distance). The proportion of BT 2 beds increases towards the southwest where beds
frequently display tractive structures. The thicknesses of the mudstone intervals separating
turbidite beds seem to decrease towards the southwest, where there is a greater proportion of
amalgamated turbidite beds. Shallow scours are abundant throughout the section. Typically,
they cut less than one meter down into the underlying bed (Fig. 4.9E and F). One scour at the
base of a sandstone bed in lobe 8, can be traced along the outcrop belt for approximately 200

m (from log 5 to log 7; Fig. 4.8).

HEBs are rare throughout the succession (only 1% of the total section) and cannot be traced
laterally due to outcrop limitations. They typically contain small mudstone clasts (< 10 cm)
dispersed in a mud-rich matrix (Fig. 4.10). Two debrite beds (BT 8a and BT 8b) are observed
further west of the correlated logs (Fig. 4.5F, G and H). They contain abundant quartz pebbles
and mudstone clasts dispersed in a mud-rich to sand-rich matrix. The debrite beds occur within
lobes axis deposits and are bounded below and above by amalgamated and coarse-grained
turbidite beds (BT 1 and BT 2). They cannot be traced laterally for a long distance (< 50 m).
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Figure 4.8: (A) Diagram illustrating the vertical variation and distribution of bed types (by bed number)
for log 1. Note that the thicknesses of the bed type associations do not reflect the actual thicknesses of
the deposits. (B) Tentative correlation panel of five stratigraphic logs in Nalneset, documenting the
lateral development of ten vertically stacked lobes. Judging from the lateral thickness variations of the
lobes, there seem to be a component of compensational stacking. Map showing the localities of the five
correlated stratigraphic logs (logs 1, 2, 5, 6, and 7) on the Nalneset promontory. Pie charts showing (i)
the sandstone/mudstone percentage, (ii) the bed type percentage (by thickness) for the five correlated
logs.

Interpretation
Ten, relatively thin lobes are recognised in the Nalneset outcrop section (Fig. 4.8). The absence

of thick mudstone intervals possibly representing interlobe complex deposits suggests that these
lobes are part of the same lobe complex (Prélat et al., 2009). Lobes stack together and show
repeated thickening upward packages from lobe fringe to lobe off-axis and lobe axis deposits.
Thickening upward packages are widely recognised in lobes of many submarine fan systems,
however their origin is still a matter of debate (e.g., Hiscott & Ghibaudo, 1981; Macdonald et
al., 2011a). These trends are generally interpreted as the result of either lobe progradation (Ricci
Lucchi, 1975; Grundvag et al., 2014; Zhang & Dong, 2020) or the lateral shifts in lobe
depocenters that form compensation cycles (Mutti & Sonnino, 1981; Prélat et al., 2009; Pyles
et al., 2014). According to Macdonald et al. (2011a), lobe progradation results in repeated
thickening upward packages across the fan system whereas compensational stacking results in
varying thickness trends across the fan system. The repeated thickening upward packages
observed in lobes of the Nalneset section suggest an upward increase in the degree of erosion
and of degree of confinement at lobe scale due to the progradation of the lobes. Additionally,
lateral changes in lobe thicknesses are documented from the correlated section (Fig. 4.8).
Usually, stacking patterns of lobes are best documented in seismic datasets where lateral
changes in lobe thicknesses are commonly attributed to the compensational stacking of lobes
(Deptuck et al., 2008; Bourget et al., 2010). At outcrop scale, the lateral changes in lobe

thicknesses could also suggest local compensational stacking of the lobes (Prélat et al., 2009).

The Nalneset section is characterised by a high proportion of amalgamated and thick-bedded
turbidite beds suggesting deposition mainly by high-density turbidity flows (Walker, 1966;
Lowe, 1982). Additionally, the frequent scouring, abundant rip-up mudstone clasts and erosive
sole marks suggest deposition mainly by strong, highly erosive turbidity flows (Walker, 1966;
Mattern, 2002). This could suggest deposition in semi-confined slope-proximal settings where
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erosion is enhanced by the hydraulic jumps that passing flows experience when they travel from
confined slope channels to unconfined basin floor areas or by the break-in slope associated with
the abrupt decrease in slope angle at the transition to the basin floor (Komar, 1971; Macdonald
et al., 2011b; Pohl et al., 2019; Soutter et al., 2021). The lateral increase in the amalgamation
degree noted from the correlated logs, could indicate a gradual transition from unconfined
deposition to deposition in more confined settings, such as the proximity to the terminus of
channels (Mutti & Normark, 1991; Mattern, 2002; Wynn et al., 2002). The two debrite beds
observed in the section record en masse deposition by cohesive debris flows (Mulder &
Alexander, 2001). Even if debris flows deposits are occasionally reported from distal settings
(e.g., Gee et al., 1999), these types of beds tend to occur mostly in proximal settings because
they typically have shorter run-out distances than turbidity currents (Talling et al., 2012).
Therefore, the Nalneset outcrop section represents deposition and stacking of lobes in a slope-
proximal part of a lobe complex, or in the transition zone between the feeder channels and the
proximal part of a lobe complex.

4.2.4 Veidnes

Description
The studied succession in Veidnes in Kongsfjorden consists of several small outcrops located

on the northern and southern end of the peninsula (Fig. 3.1C). Overall, the succession consists
of a high proportion of amalgamated beds (20.1 %), HEBs (19.8 %) and thin-bedded turbidites
beds (18.8 %; Fig. 4.7B). Even if some coarse-grained turbidite beds (BT 2) have been observed
in Veidnes, the succession consists mostly of fine-grained to medium-grained sandstone (71 %

of sandstone). Beds have an average thickness of 33.6 cm.
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Figure 4.9: Details of the Nalneset outcrop section. (A) Outcrop photo of a part of the Nalneset section.
Stippled lines indicate the bounding surfaces of lobes 1 and 2 (See Fig. 4.8). (B). Outcrop photo of a
part of the Nalneset section. Stippled line indicates the bounding surface of a lobe (not logged). Note its
two-fold architecture with a thin-bedded lower part (lobe off-axis deposits) and a thick bedded upper
part (lobe axis deposits). (C) Outcrop photo of a lobe (not logged). Note its two-fold architecture with a
thin-bedded lower part (lobe fringe and off-axis deposits) and a thick bedded upper part (lobe axis
deposits). (D) Thick-bedded turbidite beds (BT 3; Lobe axis deposit). (E). Amalgamated turbidite bed
(BT 1c) with a sharp amalgamation surface displaying a scoured base (stippled line). (F) Medium-

bedded turbidite bed (BT 4a) exhibiting a scoured base.
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Figure 4.10: HEBs observed in the Nalneset outcrop section. (A) HEB (BT 7b) under a thick-bedded
turbidite bed (BT 3) showing sole marks. (B). HEB (BT 7b). Note the numerous small mudstone clasts
dispersed in the mud-rich matrix.

The southern part of the peninsula is characterised by well exposed, laterally continuous beds
that allowed correlation of two stratigraphic logs (for a total cumulative thickness of 31 m) and
the recognition of four lobes (Fig. 4.11). Lobe 1 is 5 m thick and shows thickening and then
thinning upward trends. The lowermost part of the lobe consists of lobe off-axis deposits (BT
4, BT 5, and BT 6, and BT 7) grading into lobe axis deposits in the uppermost part of the lobe
(BT 1, BT 2 and BT 3; Figs 4.3 and 4.12). The lobe axis deposits have an erosive, channelised
base with abundant sole marks (Fig. 4.3A and C) and are overlying two HEBs that pinch out
towards the southwest. Lobe 2 is 8 m thick and shows a thickening and then thinning upward
trend (Fig. 4.11). The thickest beds contain abundant intraformational mudstone clasts and
various erosive features such as flutes (BT 2). Lobe 3 is 11 m thick and shows two thickening
upward trends interrupted by a short interval showing a constant bed thickness. A thin interlobe
deposit (BT 6) indicates the transition to lobe 4 (Fig. 4.11). Lobe 4 consists of heterolithic lobe
fringe and lobe off-axis deposits (Fig. 4.13). Its thickness however is unknown due to outcrop
limitations. The lobe consists of BT 4, BT 5 and BT 6 beds and a high portion of HEBs (BT 7;
Fig. 4.13B).
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Figure 4.11: (A) Correlated stratigraphic logs from the southern part of Veidnes showing three well
developed depositional lobes and the lower part of a potential fourth lobe. The pie chart illustrates the
percentage of each bed type from the two stratigraphic logs (by thickness). (B) Outcrop photo showing
the architecture of the first three stacked depositional lobes (lobes 1 to 3). (C) Outcrop photo of lobes 2,
3 and 4. (D) Diagrams illustrating the vertical variation and distribution of bed types (by bed number) for
log 1 and log 2. Note that the thicknesses of the bed type associations do not reflect the actual
thicknesses of the deposits.

The northern part of the peninsula consists of small, isolated outcrops that could not be
correlated. However, they are all of excellent quality enabling detailed descriptions of bed
types. A fifth lobe (lobe 5) showing a 3.5 m thick amalgamated lobe axis deposit overlying lobe
off-axis deposits is recognised from a small outcrop (Fig. 4.14). However, the base of the lobe
has not been clearly identified, therefore its thickness is unknown. The lobe off-axis deposits
consist of BT 3, BT 4, BT 5 and BT 6 beds, some of which are thinning laterally (Fig. 4.14D).

The Veidnes outcrop section is characterised by a high proportion of HEBs (20 %; Figs. 4.7D
and 4.15). The observed HEBs consist of BT 7b (i.e., exhibiting a thin basal sandstone unit).
Their debrite division contain numerous small mudstone clasts dispersed in a soft-sediment
deformed mud-rich matrix (Fig. 4.15F). The HEBs are observed in lobe off-axis and lobe fringe
deposits in the lower portion of the lobes (e.g., in lobes 1 and 3). Additionally, a well exposed
outcrop in the northern part of the peninsula shows stacked HEBs (up to 2 m thick succession)
that alternate with turbidite beds (Fig. 4.15).

‘%o
%

Lobe axis deposits ‘I

Lobe off-axis deposits

Figure 4.12: Outcrop photos of lobe 1 in Veidnes (see Fig. 4.11) showing: (A) Lobe off-axis and axis
deposits. (B). Lobe axis deposits.
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Figure 4.13: (A) Outcrop photo showing lobes 3 and 4 of the Veidnes outcrop section (see Fig. 4.11).
(B) Outcrop photo showing the lobe off-axis deposits of lobe 4 consisting of thin-bedded turbidite beds
(BT 5) in its lower part and HEBs (BT 7) in its upper part.

Interpretation
Five distinct lobes of approximately similar thicknesses (5 to 11 m) are recognised from the

Veidnes outcrop section. Most of the lobes exhibit internal thickening upward cycles passing
from lobe fringe deposits to lobe off-axis and lobe axis deposits that could suggest lobe
progradation (Macdonald et al., 2011a; Grundvag et al., 2014). However, some lobes also show
thickening and then thinning upward trends. According to Macdonald et al. (2011a),
progradation results in repeated thickening upward packages across the fan system whereas
compensational stacking results in varying thickness trends across the fan system. Lobes
showing different bed thickness patterns have been observed in several submarine fan systems
(e.g., Prélat & Hodgson, 2013; Piazza & Tinterri, 2020). Prélat and Hodgson (2013) suggested
that a wide range bed thickness patterns occur within lobes because sediment density flows tend
to fill topographical lows resulting in shifts of the location of the lobe depocenter. Therefore,
the different stacking trends observed in the lobes of the Veidnes outcrop section are interpreted

as representing the compensational stacking of lobes.
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Figure 4.14: (A) Stratigraphic log of lobe 5 in the Veidnes outcrop section. (B) Diagrams illustrating the
vertical variation and distribution of bed types (by bed number) for lobe 5. Note that the thicknesses of
the bed type associations do not reflect the actual thicknesses of the deposits. (C). Outcrop photo of
lobe 5. Note the two-fold architecture with a thin-bedded lower part and a thick-bedded, amalgamated
upper part. (D). Lobe off-axis deposits of lobe 5. Note how the fine-grained turbidite bed (BT 6) is thinning
laterally (stippled lines).

The Veidnes outcrop section is characterised by a high percentage of amalgamated turbidite
beds (BT 1) suggesting deposition by highly erosive, high-density turbidity flows (Walker,
1966; Mattern, 2002). The lower part of the succession is characterised by frequent scours and
channelised lobe axis deposits suggesting deposition in semi-confined settings where flows
travel from channelised settings to lobe settings. Additionally, the outcrop section is
characterised by a significantly high percentage of thin-bedded turbidite beds (BT 5) suggesting
deposition by low-density turbidity currents (Bouma, 1962; Stow & Shanmugam, 1980) and of
HEBs (BT 7) suggesting deposition by transitional flows that transform from turbulent to
laminar flow conditions (Haughton et al., 2003; Haughton et al., 2009). HEBs are reported from
several ancient submarine fans around the world, including the Gottero Sandstone (Fonnesu et
al., 2015; Fonnesu et al., 2018), the Karoo Basin (Hodgson, 2009; Spychala et al., 2017a) and
the Marnoso Arenacea Formation (Talling et al., 2004; Amy & Talling, 2006) and typically
occur in the most distal areas of the fan systems. The Veidnes outcrop section is therefore

interpreted as a representing deposition and stacking of lobes in a relatively distal area.
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Figure 4.15: (A) Digital outcrop model of a small outcrop in the northern part of the Veidnes peninsula.
(B) Stratigraphic log through outcrop (C) Photo of the investigated outcrop. (D) Stacked medium-bedded
turbidites (BT 4) and HEBs (BT 7b). (E) Medium-bedded turbidite bed (BT 4) and HEB (BT 7b) showing
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a thin basal sandstone division and an upper mud-rich debrite division exhibiting abundant soft-sediment
deformation structures. (F) Upper debrite division of a HEB (BT 7b). Note the numerous mudstone clasts
dispersed in the mud-rich matrix. (G) Outcrop photo showing lobe off-axis deposits (stacked HEBS).

4.2.5 Seglodden

Description
The studied succession in Seglodden (Fig. 3.1D) consists of a several hundred metres long

section of alternating sandstone and mudstone beds exposed along the coast. The sandstone
beds commonly stack to form thick amalgamated sandstone units that appear as positive
topographic features in the present landscape and are separated by several metres thick
heterolithic successions either dominated by thin-bedded turbidite beds, or mudstones (Fig.
4.16A). These units are commonly eroded or scree-covered and typically form topographic
depressions or small bays in the present coastal landscape (Fig. 4.16A). About 45 % of the total
measured thickness is missing due to erosion and scree cover, indicating that the investigated
succession contains a significant amount of thin-bedded and/or fine-grained deposits. The
mudstone intervals show well developed cleavage that is attributed to post-depositional
deformation and may potentially explain the preferential erosion of these intervals. Other signs
of post-depositional deformation such as folding, fractures, and quartz-filled veins are seen
through the succession. The remaining, exposed part of the succession consists of 77 % of very
fine-grained to medium-grained sandstones and is characterised by the absence of coarse-
grained turbidite beds. The section shows a high proportion of thick-bedded turbidite beds (30.9
%), medium-bedded turbidite beds (21.1 %) and amalgamated turbidite beds (20.8 %) (Fig.

4.7). Beds have an average thickness of 48.9 cm.

Two stratigraphic logs allowed the identification of 37 distinct composite units, here referred
to as lobes, along a 560 m composite section (Fig. 4.17). Individual lobes are recognised based
on their bounding surfaces which exhibit sharp facies breaks between packages of thick-bedded,
amalgamated turbidites (BT 1, BT 3) and packages of thin-bedded turbidites (BT 5, BT 6),
mudstone or an eroded/scree-covered interval. Most of the lobes show upward
thickening/coarsening trends, from lobe fringe deposits in the lowermost part of the lobes to
lobe off-axis and lobe axis deposits in the uppermost part of the lobes (Figs. 4.16B and 4.17).
However, the following bed thickness patterns are also identified: constant bed thickness;

thickening then thinning upward; thinning then thickening upward; and overall thinning upward
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(Fig. 4.17). Overall, lobes have highly variable thickness (4 to 27 m) and are 12 m thick on
average (see Table 3).

Lobe axis
deposits

Figure 4.16: (A) Outcrop photo showing the lobes exposed along the coast. Note how the eroded/scree
covered intervals form small bays in the coastal landscape. Photo: Sten-Andreas Grundvag. (B) Outcrop
photo of lobe 5. Note the two-fold architecture with a thin-bedded lower part (lobe fringe to off-axis
deposits) and a thick-bedded upper part (lobe axis deposits). (C) Thick-bedded upper part of a lobe
(lobe axis deposits).
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Figure 4.17: Stratigraphic logs A and B from the Seglodden outcrop section. Pie charts showing for the
two logs (i) the bed type percentage (by thickness), (ii) the sandstone/mudstone percentage. A total of
37 units referred to as lobes are recognised in the succession (L1 to L37).

Many beds are laterally continuous and can be traced across the length of the outcrop. The
cyclic stacking of lobes is best observed at a mountain ridge approximately 150 m (in a
landward direction) from the coastal section where beds crop out (Fig. 3.1D). A lower portion
of missing intervals are evident in the mountain section, and aided by drone and aerial photos,
this enabled the correlation between the lobes of the coastal section with those of the mountain
section (Fig. 4.18). One or more lobes appear to stack together into 20 to 60 m thick intervals
referred to as lobe complexes that are separated by eroded or scree-covered intervals. These
missing intervals could represent thick interlobe complex fines (sensu Prélat et al., 2009).
However, due to the very high proportion of missing intervals in the coastal section and the
impossibility to extrapolate on their lithology in the mountain section (thin-bedded turbidite
beds versus hemipelagic mudstone), it is difficult to identify these potential architectural

elements with certainty.

The Seglodden outcrop section is also characterised by a very high proportion of thick-bedded
turbidite beds (BT 3). The BT 3 beds commonly show erosive bases, however no proper channel
fill is observed throughout the investigated succession. These beds are often massive to weakly
graded and they only rarely develop tractive structures. Additionally, the succession is
characterised by the occurrence of very thick turbidite beds (i.e., beds >5 m thick; Fig. 4.19).
These beds often show large (>20 cm), isolated mudstone clasts dispersed in the middle of the
beds (Fig. 4.19C) representing amalgamation surfaces.

HEBs are rare throughout the succession (only 2% of the section). When occurring, they consist
a thick basal sandstone division that exhibit mudstone clast in its upper part and is often overlain
by a banded mudstone layer (BT 7a) and an upper debrite division containing abundant large
mudstone clasts (Fig. 4.5A, B and C).
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Figure 4.18: (A) Overview of the nearby mountain ridge which represent the lateral continuation of the
coastal section of log A and tentative correlation with the lobes in log A (lobes 7 to 18; Fig. 4.17). (B)
Digital outcrop model of the mountain ridge representing the lateral continuation of the coastal outcrop
section of log B (Fig. 4.17). Model by Julian Janocha. (C), (D) and (E) Outcrop photos from the mountain
ridge which represent the lateral continuation of the coastal section of log B and tentative correlation
with the lobes of log B (lobes 19 to 31; Fig. 4.17). Photos: Julian Janocha. (F) Plan view photo of the
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uppermost part of the coastal succession shown in log B documenting lobes 33 to 35. Note the presence
of a channelised bed (red stippled line). Photo: Sten-Andreas Grundvag.

Interpretation
In the Seglodden outcrop section, a total of 37 stacked lobes are identified. Typically, each lobe

consists of a thin-bedded lower part interpreted as representing deposition in lobe fringe and
lobe off-axis settings and a thick-bedded/amalgamated upper part interpreted as representing
deposition in lobe axis settings. Thus, the lobes commonly exhibit internal thickening upward
trends from lobe fringe deposits to lobe off-axis and lobe axis deposits. Thickening upward
trends have commonly been interpreted as resulting from lobe progradation (Macdonald et al.,
2011a; Grundvag et al., 2014; Zhang & Dong, 2020). However, five different types of bed
thickness trends are also observed. According to Macdonald et al. (2011a), progradation results
in repeated thickening upward packages across the fan system whereas compensational
stacking results in varying thickness trends across the fan system. Lobes showing different bed
thickness patterns have been observed in several submarine fan systems (e.g., Prélat &
Hodgson, 2013; Piazza & Tinterri, 2020). Prélat and Hodgson (2013) showed that the
compensational stacking of lobes will produce a full range of bed thickness trends rather than
a cyclic thickening upward trend. Therefore, the different stacking trends observed in the lobes
of the Seglodden outcrop section are interpreted as representing the compensational stacking
of lobes. Additionally, lobes of the Seglodden outcrop section are stacked regularly over a great
thickness suggesting high aggradation rates (Bourget et al., 2010).

The Seglodden outcrop section is characterised by a high proportion of amalgamated and thick-
bedded turbidite beds suggesting deposition by high-density turbidity flows (Bouma, 1962;
Walker, 1966; Lowe, 1982). However, the large proportion of thin-bedded and fine-grained
turbidite beds and of missing intervals, probably representing eroded mudstone intervals
indicates deposition predominantly by low-density turbidity flows and possibly hemipelagic
fallout in a distal area (Bouma, 1962; Stow & Shanmugam, 1980). The overall lack of erosive
features, the stacking of depositional lobes and the absence of coarse-grained sandstones (BT
2) indicate deposition in a zone of reduced sediment bypass such as the relatively distal part of
lobe complexes (Normark, 1970; Mutti & Ricci Lucchi, 1972).
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Figure 4.19: (A) Stratigraphic log through the upper part of a lobe (not shown in the stratigraphic logs
of Fig. 4.17) showing a very thick amalgamated turbidite bed. (B) Very thick (ca. 6 m) amalgamated
turbidite bed. (C) Large mudstone clasts dispersed in the middle of the very thick turbidite bed (see
stratigraphic log). (D) Plane-parallel and convolute laminations in a medium-bedded turbidite bed (BT
4).
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5 Discussion

The following chapter discusses the various depositional sub-environments of the Kongsfjord
Formation and their constituent architectural elements. Although the formation has been
extensively studied and the submarine fan setting is well established (e.g., Pickering, 1979,
1981, 1982a, 1983, 1985; Drinkwater et al., 1996; Drinkwater, 1997; Drinkwater & Pickering,
2001), there are no published work describing bed type variability in detail, and hybrid event
beds have not yet been reported from the succession. Pickering (1981) documented different
types of lobes in the succession and interpreted them in the context of the most classical
submarine fan models that were established at that time (e.g., Mutti & Ricci Lucchi, 1975;
Walker, 1978). However, research on lobes have progressed significantly in the last few
decades, particularly with the study of their hierarchical elements, dimensions, and stacking
patterns (e.g., Deptuck et al., 2008; Prélat et al., 2009; Prélat et al., 2010; Prélat & Hodgson,
2013; Grundvag et al., 2014; Marini et al., 2015; Piazza & Tinterri, 2020). Despite the
development, there is still an ever-increasing need for more empiric data from lobes
accumulating under different settings to elucidate factors controlling their development and
fully appreciate their variability. Therefore, this chapter particularly focuses on the deposition
and distribution of hybrid event beds, as well as on lobe dimensions and stacking patterns. The
results from this study are further compared to previous studies of the Kongsfjord Formation

as well as to studies describing other ancient submarine fan systems.

5.1 Depositional sub-environments

5.1.1 Slope-proximal settings

The Nalneset section is characterised by a high proportion of amalgamated and thick-bedded
turbidite beds (BT 1 and BT 3), frequent scouring, and the occurrence of debrite beds (BT 8;
Fig. and 5.1). The high proportion of thick, massive turbidite beds suggests deposition mainly
by high-density turbidity currents while the abundant scours and the high amalgamation degree
suggest that the area was influenced by frequent erosion and bypass. Altogether, this advocate
deposition in slope-proximal settings. In particular, the high amalgamation degree and the
frequent scouring suggest enhanced erosive power of the flows (Mattern, 2002; Pohl et al.,

2019). In slope-proximal settings, this might be caused by the hydraulic jumps that passing
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flows experience when they travel from confined slope channels to unconfined basin floor areas
and the break-in slope associated with the abrupt decrease in slope angle at the transition to the
basin floor. The occurrence of a hydraulic jJump is expected to favour scouring because bed
shear and turbulence are increased locally (Komar, 1971; Macdonald et al., 2011b; Sumner et
al., 2013). Thus, areas with repeated scours are associated with hydraulic jump arrays due to a
decrease in slope gradient or a change in the degree of confinement (Baas et al., 2004,
Macdonald et al., 2011b; Sumner et al., 2013; Hamilton et al., 2015; Dorrell et al., 2016). Recent
experimental studies showed that enhanced erosion can also occur due to flow relaxation at the
terminus of channels without the occurrence of a hydraulic jump (Pohl et al., 2019; Soutter et
al., 2021). The loss of confinement upon leaving a channel causes the lowering of the velocity
maximum within the flow and thus enhanced friction between the bed and the flow. The area
downstream of a channel is therefore characterised by the readjustment of the flow to its new
unconfined conditions leading to the development of frequent scours and amalgamation
surfaces (Pohl et al., 2019). Bathymetric surveys in modern submarine fan systems showed that
such a transition zone characterised by repeated, isolated erosive structures can develop
downstream of channels and is referred to as the channel-lobe transition zone (e.g., Wynn et
al., 2002; Ito, 2008; Macdonald et al., 2011b; Dorrell et al., 2016; Carvajal et al., 2017). The
recognition of channel-lobe transition zones in ancient submarine fan systems is often
challenging due to outcrop limitations. However, scours and megaflutes are commonly
documented from several systems and interpreted as related to the occurrence of hydraulic
jumps in base-of-slope to basin transitions where there are changes in slope gradient and degree
of confinement (Elliott, 2000; Ito, 2008; Hofstra et al., 2015; Brooks et al., 2018a; Brooks et
al., 2022). In the Nalneset section, outcrop limitations prevent the recognition of a channel-lobe
transition zone. However, the frequent scours and amalgamation surfaces could indicate a
change in the degree of confinement or slope gradient in semi-confined, slope-proximal

settings.

The Nalneset outcrop section is also characterised by relatively coarse grain sizes, a high
sandstone percentage and the absence of thick hemipelagic mudstone intervals. This indicates
that deposition occurred mainly by high-density turbidity currents and that the upper most dilute
part of the flow could have bypassed this proximal area. The bypass of the finer grain-size
fractions can be explained by grain-size stratification. Flow stratification typically occurs as the

flow passes from confined channelised settings to unconfined lobe settings as the flow
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incorporates large volumes of sediments through erosion of the substrate (Pohl et al., 2019).
The coarse-sediment fraction is concentrated towards the base of the flow whereas the fine and
medium grain sizes are distributed more homogeneously over the height of the current (Baas et
al., 2004; Eggenhuisen et al., 2020; Spychala et al., 2021). The denser basal part is deposited
immediately upon leaving the channel while the upper more dilute part travels further
downcurrent. Drinkwater (1997) suggested that the sparse occurrence of coarse-grained beds
indicated source sediment fluctuations controlled by sea level changes or tectonic activity.
However, considering that flow stratification occurs predominantly where the sediment
concentration in the flow is enhanced by erosion, the sparse occurrence of coarse-grained beds
could be linked to the occurrence of repeated hydraulic jumps and deposition of coarser grain

fractions further up-dip (which is not exposed in the present case due to outcrop limitations).

The Nalneset section have previously been studied by Drinkwater (1997), who suggested that
it could have been part of a perched intraslope basin possibly bounded by a basin-margin
parallel-oriented structural high separating the intraslope basin from the basin floor. This
assumption was mainly based on paleocurrent data which possibly indicated flow deflection.
He also argued that the overall coarse-grained character of the material, the absence of
hemipelagic mudstone intervals, and the frequent occurrence of massive turbidite beds
indicative of rapid deposition, pointed to deposition in a perched intraslope basin. However,
this line of reasoning cannot be viewed as sufficient evidence for basin confinement since these
features may as well be characteristic of slope-proximal settings in unconfined basins (e.qg.,
Hofstra et al., 2015; Brooks et al., 2018a). Furthermore, recent studies of intraslope basins
(Sinclair & Tomasso, 2002; Spychala et al., 2015; Rohais et al., 2021) and of tectonically
confined basins (Muzzi Magalhaes & Tinterri, 2010; Tinterri & Tagliaferri, 2015; Cunha et al.,
2017; Tinterri & Piazza, 2019) emphasised that basin confinement strongly influences the
vertical and lateral distribution of facies. These studies showed that ponded basins typically
contain a high proportion of contained-reflected beds (i.e., beds exhibiting abundant
deformation structures such as convolute laminations and liquefaction structures) and of beds
developing tractive structures reflecting flow deceleration due to basin confinement and
ponding processes. While beds showing tractive structures are observed in Nalneset, they are
not predominant throughout the succession and no occurrence of beds showing liquefaction
structures is noted from the 296 analysed beds. Typically, ponded basins show an asymmetric

facies distribution due to flow reflection on the lateral margins of the basin (Cunhaet al., 2017,
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Tinterri et al., 2017). Due to outcrop limitations and the large size of the basin investigated
here, it is impossible to infer such trends for the Kongsfjord Formation. Furthermore, intraslope
lobes are typically incised by channels due to a lower base level (Spychala et al., 2015). Even
if widespread erosion is suggested by the frequent occurrence of shallow scours, no deep
channel fills are observed from the studied succession. Based on the results from this study, it
is therefore considered unlikely that the section in Nalneset represents an intraslope basin
bounded by morphological highs because it lacks the typical features and facies distribution
observed in confined intraslope basins elsewhere. Rather the data presented here suggests slope-

proximal environments of an unconfined basin.
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Figure 5.1: Summary distribution charts of the recognised bed types in the Kongsfjord Formation
showing the total percentage of these (by thickness) for each studied locality. Source map: NMA
(2021a).

5.1.2 Basin-floor settings
The Veidnes outcrop section has a significantly higher percentage of thin-bedded and fine-
grained turbidites (BT 5 and BT 6) and a significantly lower sandstone percentage than the

Nalneset outcrop section (Fig. 5.1), suggesting deposition predominantly by low-density
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turbidity currents. This also suggests deposition of a significant amount of fine-grained
sediment fractions that bypassed the inferred most proximal area (i.e., the Nalneset outcrop
section). Altogether this points to deposition in more distal settings than the Nalneset outcrop
section. However, the high percentage of amalgamated turbidite beds (BT 1) and the occurrence
of scours and channelised lobe axis deposits in the lower part of the succession (lobe 1; Figs
4.3 and 4.12) suggest that the area was periodically influenced by erosion processes related to
the passage of powerful, high-density turbidity currents. The scoured base of the lobe axis
deposits of lobe 1 may suggest the presence of shallow distributary channels that incised into
and eroded its own off-axis and fringe deposits. This could suggest that the Veidnes outcrop
section was fed by unstable, erosive feeder channels. The lowermost part of lobe 2 shows an
interesting development consisting of successive thick-bedded and amalgamated turbidite beds
deposited by high-density turbidity currents passing upward into coarse-grained turbidite beds
exhibiting well developed tractive structures. This could reflect progressive deceleration of the
turbidity currents against sea floor morphology created by sediments deposited in the early
stage of the lobe development (Piazza & Tinterri, 2020). Rapid flow deceleration is also
indicated by the upward increase in load and flame structures (Postma et al., 2009; Tinterri et
al., 2016). Finally, an upward increase in thin-bedded turbidite beds indicates the progressive
abandonment of the lobe or a lateral switch of the lobe depocenter related to up-dip channel
avulsion (Hodgson et al., 2006). Altogether, this suggests that the Veidnes outcrop section
represents deposition in relatively distal settings controlled by the avulsion of unstable erosive

feeder channels.

Throughout the Veidnes succession, there is an upward increase in mudstone percentage, and
in the proportion of thin-bedded and fine-grained turbidites and HEBs (BT 5, BT 6 and BT 7)
suggesting a change from deposition predominantly by high-density turbidity currents to
deposition by predominantly low-density turbidity currents and transitional flows. This may
reflect the progressive decrease of sediment supply to the area controlled by either allogenic
(local sea-level and/or climate changes) or autogenic processes (channel avulsion and
compensational stacking of lobes; Hodgson et al., 2006). Since lobes of the Veidnes outcrop
section show compensational stacking patterns and the upward decrease of sediment supply has
not been observed elsewhere in the Formation, this decrease of sediment supply to the area is
rather interpreted to be controlled by autogenic processes such as channel avulsion and

compensational stacking of lobes. According to Pickering (1981), the Veidnes outcrop section
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represents an outer-fan area in which lobes prograded and retreated suggesting source-
controlled fluctuations in sediment supply. Here however, the compensational stacking
observed in lobes of the Veidnes outcrop section suggesting the influence of autogenic

processes controlling lobe deposition.

The Seglodden outcrop section is characterised by a high percentage of thick-bedded turbidite
beds (BT 3), medium-bedded turbidite beds (BT 4) and amalgamated turbidite beds (BT 1; Fig.
5.1). The Seglodden outcrop section exhibits the recurrent presence of up to several meters
thick mudstone intervals, which are often eroded or scree-covered in outcrop, suggesting that a
significant amount of fine-grained sediments reached this depositional area. Furthermore, the
Seglodden outcrop section lacks the frequent scours observed in Nalneset and the channelised
units observed in Veidnes. This suggests that deposition in Seglodden occurred in relatively
distal basin-floor settings. In such distal settings, the fine sediment fraction that bypass the more
proximal areas are generally deposited by low-density turbidity currents (Baas et al., 2004;
Spychala et al., 2021). There is, however, a significantly high percentage of thick-bedded
turbidite beds (BT 3) in the Seglodden outcrop section (Fig 5.1) and beds are also on average
thicker than in the other studied localities (48.9 cm thick on average versus 37.8 cm for the
Nalneset outcrop section and 33.6 cm for the Veidnes outcrop section). The majority of the
thick-bedded turbidite beds observed are massive to weakly graded and only very rarely do they
exhibit tractive structures, collectively suggesting that deposition occurred from high-density
turbidity currents. The origin of massive turbidite beds has long been a matter of debate (e.g.,
Shanmugam & Moiola, 1995; Lowe, 1997). Their deposition was commonly attributed to
surge-type flows with high sediment fallout rates, such that the sediments have insufficient time
to be reworked by tractive processes (Middleton & Hampton, 1973; Lowe, 1982). Additionally,
Kneller and Branney (1995) proposed that massive turbidite beds are formed by continuous
aggradation from sustained high-density currents in which a near bed layer is dominated by
grain to grain interaction and hindered settling. Alternatively, en masse deposition by sandy
debris flows has been invoked for the deposition of massive turbidite beds (Shanmugam, 1996;
Talling et al., 2012; Talling et al., 2013). According to Talling et al. (2013), massive turbidite
beds deposited by sandy debris flows have a distinctive swirly fabric (i.e., consisting of
sandstone patches of coarser and finer grains) and pinch out abruptly. However, in most
outcrops the recognition of these features is not possible, resulting in difficulties in determining

how massive turbidite beds are deposited.
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Several very abnormally thick beds occur in the Seglodden section (i.e., beds > 5 m thick; Fig.
4.19). Based on the internal occurrence of vague grain size breaks and amalgamation surfaces,
these beds are interpreted as amalgamated turbidite beds resulting from successive high-density
turbidity flows. Very thick turbidite beds have been reported from several ancient submarine
fan systems (e.g., Ricci Lucchi & Valmori, 1980; Ricci Lucchi, 1995; Muzzi Magalhaes &
Tinterri, 2010; Tinterri et al., 2022). Typically, they occur in confined settings as a result of
flow reflection and dampening of turbulence in over-supplied basins, or they may record
seismically triggered events along tectonically active basin margins (Ricci Lucchi & Valmori,
1980). Such turbidite ‘mega-beds’ typically show abundant deformation structures, complex
assemblages of tractive structures, and thick mudstone caps (e.g., Felletti et al., 2009; Tinterri
et al., 2022), features which have not been observed to any significant extent in the Seglodden
succession. According to Pickering (1979), throughout the Seglodden section, the lack of thin
mudstone intervals separating thick turbidite beds suggests rapid deposition by successive
turbidity currents as a result of retrogressive flow sliding. The transformation of slides into
turbulent flows is a common mechanism for initiating turbidity currents (Piper et al., 1999;
Piper & Normark, 2009). Retrogressive flow sliding typically occurs when high volumes of
unconsolidated sediments are available for successive failures from the same slump scar or
canyon head and may also be triggered by breaching in canyons and channels (Van Den Berg
et al., 2002). Such long-lived failure events may trigger quasi-steady, sustained-type turbidity
currents, which in many turbidite systems have been linked to the deposition of thick, massive
sandstone beds (e.g., Kneller & Branney, 1995; Felletti et al., 2009). Therefore, the formation
of very thick, massive turbidite beds in the Seglodden outcrop section might suggest deposition

by sustained-type turbidity flows.

The Seglodden outcrop section consists of aggradationally to slightly compensationally stacked
lobes (Figs. 4.17 and 4.18). The lobes are stacked regularly over an accumulative thickness of
> 500 m. There are no major erosional surfaces observed between the lobes, indicating that
deposition in the area was most likely governed by relatively stable processes and that all lobes
developed under similar conditions. This could reflect that the area was tectonically quiet and
that the deposition was mainly controlled autogenic processes such as lobe avulsion (Prélat et
al., 2009; Prélat & Hodgson, 2013). According to Pickering (1981), lobes in the Seglodden
outcrop section suggest regular and stable deposition controlled by intrabasinal processes such

as channel migration and avulsion.
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5.2 Distribution of hybrid event beds

This study documents the occurrence of hybrid event beds (HEBS) in the Kongsfjord Formation
(Figs. 4.3, 4.5, 4.10 and 4.15). These beds, deposited by composite or transitional flows,
comprise a lower sandy division deposited by a high-density turbidity current, and an upper
muddy heterogeneous division deposited by a cohesive debris flow. Similar beds have been
increasingly recognised in various submarine fan systems in the last few decades (e.g., Lowe
& Guy, 2000; Haughton et al., 2003; Amy & Talling, 2006; Hodgson, 2009; Spychala et al.,
2017a; Fonnesu et al., 2018; Pierce et al., 2018). HEBs are predominantly reported from lobe
off-axis to lobe fringe settings and their formation is commonly associated with lobe
progradation during periods of fan growth when the up-dip slope is out of equilibrium (Talling
et al., 2004; Hodgson, 2009). However, several studies also show that HEBs may occur in
proximal as well distal fan settings and that they may exhibit highly variable lithological
expressions within an individual submarine fan system, and that different mechanisms can lead
to their formation (Haughton et al., 2009; Kane et al., 2017; Fonnesu et al., 2018; Pierce et al.,
2018). Several mechanisms have been invoked for their formation including: (i) co-generation
by independent flows (debris flows and turbidity flows are simultaneously triggered by the
failure of a slope and juxtaposed to form a HEB; Haughton et al., 2003; Haughton et al., 2009);
(ii) the longitudinal evolution of a turbidity current (part of a turbidity current undergoes flow
transformation due to entertainment of the substrate, supressing turbulence and promoting
transformation to a cohesive debris flow; Haughton et al., 2003; Talling et al., 2004; Ito, 2008;
Haughton et al., 2009; Hodgson, 2009); (iii) vertical grain size segregation and deceleration of
mud-enriched turbidity flows (high sediment concentrations lead to the stratification of the flow
and the development of a dense basal layer and to the suppression of the turbulence; Sumner et
al., 2009; Baas et al., 2011; Kane & Pontén, 2012; Kane et al., 2017).

5.2.1 Origin of HEBs
In the Kongsfjord Formation, HEBs are identified in the three studied localities. However, there
is a significant variation in their character and proportion across the study area (Fig. 5.1). Two

sub-types of HEBs are recognised and can be differentiated mainly based on differences in
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thicknesses, sand percentages and sizes of the mudstone clasts (see Fig. 4.1). HEBs of BT 7a
show a higher sand percentage and a thick basal sandy turbidite division that occasionally
contain large mudstone clasts in the uppermost part of the unit (Fig. 4.5A, B and C). This could
suggest that these types of beds were deposited by flows that carried large volume of sediments
which to a large degree bypassed the proximal areas of the fan system (Pierce et al., 2018).
Additionally, the large mudstone clasts suggest that flow transformation most likely occurred
due to substrate erosion and entrainment of mudstone clasts (Hodgson, 2009; Fonnesu et al.,
2018). The disaggregation of the mudstone clasts causes enrichment of mud in the flow and
promote transformation from turbulent to laminar flow conditions, with the flow eventually
evolving into a cohesive debris flow (Haughton et al., 2003; Haughton et al., 2009; Pierce et
al., 2018). These beds are only observed in the Seglodden outcrop section, inferred as the most
distal settings, where they are rare (2% of the succession in thickness; Fig. 5.1). BT 7a beds
tend to develop a thin banded division between the turbidite and debrite divisions (Fig. 4.5C).
The banded division is associated with episodes of near bed turbulence dampening in flows that
are intermediate between turbulent and laminar flow behaviour (Lowe & Guy, 2000; Haughton
et al., 2009). This suggests that the turbulent flows travelled for a longue distance before
transforming progressively to laminar flows resulting in the development of a layer of
transitional flow conditions depositing the banded division. Similar thin banded divisions have
been observed in HEBs across various submarine fan systems elsewhere (e.g., Lowe & Guy,
2000; Haughton et al., 2009; Hodgson, 2009; Sumner et al., 2009; Kane & Pontén, 2012). Here,
BT 7a represents the most distal expression of the HEBs observed in the Kongsfjord Formation.
Similar beds have been observed in the most distal settings of the Ross Formation fan system
by Pierce et al. (2018) (HEB 1 and HEB 2) and interpreted as deposits of large-volume flows

that bypassed the up-dip environments.

HEBs of BT 7b show a thin basal turbidite division and a mud-rich debrite division containing
abundant soft-sediment deformation and relatively small mudstone clasts (Figs. 4.3B, 4.5D and
E, 4.10 and 4.15). At Veidnes, HEBs of BT 7b represent an important proportion of the
succession (Fig. 5.1). They occur mostly interbedded with turbidite beds in the lowermost parts
of the lobes, recording high concentration of these deposits in lobe fringe and lobe off-axis
environments. The mud-rich nature of the matrix of the debrite division of BT 7b and the
relatively small and sparse mudstone clasts may suggest that flow transformation occurred due

to the progressive deceleration and turbulence dampening of a mud-enriched flow. The
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transformation of the flow might be enhanced by the expansion and deceleration of the mud-
enriched flow as it transitions from confined to unconfined settings. This may concentrate finer
material and mud clasts in the upper flow which hinders turbulence and promote transformation
to laminar flow and deposition of HEBs as frontal splays (Hodgson, 2009; Kane et al., 2017).
Therefore, HEBs of BT 7b are interpreted as recording the transformation of mud-enriched
turbidity flows due to flow deceleration and vertical grain size segregation leading to turbulence
dampening and transformation to laminar flow conditions. The fact that HEBs are observed
interfingering with turbidite beds suggest temporal and spatial switches in the type of flow
(Pierce et al., 2018). Flow transformation can be promoted locally by changes in topography
induced by previously deposited lobe deposits or by subtle changes in sea-floor topography. As
the turbulent flow decelerates due to a decrease in slope angle or the reflection against some
topography, it transforms partially to a laminar flow. The stratigraphic distribution of HEBs in
the Veidnes outcrop section is similar to several other ancient submarine fan systems where
HEBs have been observed mainly in lobe fringe settings (e.g., Hodgson, 2009; Spychala et al.,
2017a; Pierce et al., 2018).

5.2.2 Controls on HEBs deposition

The importance of autogenic versus allogenic factors on the control of HEB distribution has
been stressed by several studies (e.g., Haughton et al., 2009; Hodgson, 2009). In the Kongsfjord
Formation, the fact that BT 7a and BT 7b occur in different localities and never co-occur
possibly suggests the influence of several processes including: (i) proximity to the break-in-
slope; (i) periods of slope disequilibrium due to feeder channel instability or tectonic; (iii)

differences in lobe stacking patterns.

At Nalneset, in the inferred most proximal setting, HEBs are rare (1 % of the studied succession
in thickness; Fig. 5.1). The rare occurrence of HEBs in the Nalneset outcrop section may reflect
that flow transformation occurs more readily further down dip on the basin floor after the
progressive entertainment and disaggregation of mudstone clasts, or that transitional flows have
great run-out distances and bypass the most proximal fan areas. The Nalneset outcrop section
records deposition in slope-proximal settings by flows that undergo a change from confined to

unconfined settings. Turbulence can be temporarily increased with the occurrence of a
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hydraulic jump in a flow that undergo a change from confined to unconfined settings,
preventing the transformation to a cohesive flow (Kane et al., 2017; Fonnesu et al., 2018). HEBs
are commonly absent in the most proximal areas of several submarine fan systems (e.g.,
Hodgson, 2009; Fonnesu et al., 2018). Where HEBs have been observed in proximal settings,
their origin was attributed to enhanced erosion of the substrate due to a high degree of
confinement of the flow (Haughton et al., 2009; Pierce et al., 2018) or increased tectonic activity
(Muzzi Magalhaes & Tinterri, 2010).

Several studies have postulated that HEBs distribution was associated with periods of slope
disequilibrium during fan initiation and growth (Haughton et al., 2003; Haughton et al., 2009;
Hodgson, 2009; Pierce et al., 2018). Slope disequilibrium might be the result of a variety of
factors including increased flow magnitude, mass-transport deposition, tectonic deformation,
changes in sea-level, or a steep inherited slope profile (Cronin et al., 2000; Kneller, 2003; Ferry
et al., 2005; Haughton et al., 2009; Pierce et al., 2018). The frequent occurrence of HEBs in
the Veidnes outcrop section might reflect periods of disequilibrium associated with fan
initiation and growth during which there might have been an increase availability of mud due
to early phases of erosion. The lowermost part of the succession is characterised by channelised
lobe axis deposits that suggests that erosion was enhanced locally by the change from confined
to unconfined settings (Pohl et al., 2019; Eggenhuisen et al., 2020). Therefore, the phase of
initiation of the lobe complex is associated with increased erosion of the substrate resulting in
mud enrichment of the flows leading eventually to flow transformation and the deposition of
HEB of BT 7b. Conversely, the rare occurrence of HEBs at Seglodden could suggest deposition

on the basin floor under slope-equilibrium conditions.

Some studies proposed that the stratigraphic distribution of HEBs in vertical sections depends
on the dominant stacking pattern of lobes and reflects the spatial relationships between lobe
sub-environments (Spychala et al., 2017a; Fonnesu et al., 2018). Because HEBs are
concentrated in lobe fringe and off-axis environments, where aggradational stacking is
dominant, HEBs are distributed in a discrete area. Conversely, where compensational stacking
is dominant, lobes sub-environments are stacked in a complex manner resulting in a stochastic
distribution of HEBs (Spychala et al., 2017a). Therefore, the distribution of HEBs across the
Kongsfjord Formation could indicate differences in lobe stacking patterns. In Seglodden, the

dominant aggradational stacking pattern of lobes could result in a low percentage of HEBs in a
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vertical section. In Veidnes, where lobes are observed to be compensationally stacked, this
could result in a higher proportion of HEBs in a vertical section due to their stochastic
distribution. Additionally, high aggradation rates can play a role in reducing basin-floor relief.
This could result in flows having shorter slopes on which to accelerate, thus preventing the
incorporation of mud from the substrate and the transformation of the flow into a cohesive
debris flow (Pierce et al., 2018).

In the Kongsfjord Formation, HEBs are formed by several processes including longitudinal
evolution of a turbidity flow into a debris flow by mudstone clasts entertainment and
disaggregation (BT 7a) and transformation of a mud-enriched turbidity flow to a cohesive
debris flow due to flow deceleration and grain size segregation (BT 7b). HEBs are absent in the
most proximal investigated areas. In the distal areas, the occurrence and distribution of HEBS
seem to be controlled by either slope disequilibrium during the early phase of development of
the lobe complex or by channel avulsion and lobe stacking patterns. However, the paucity of
HEBs in the Seglodden outcrop section could also be biased by the fact that the succession is
partially eroded, particularly the lobe fringe deposits, and the HEBs could thus be preferentially
eroded due to their high mud content leading to a lower proportion of HEBs in the recorded

section.

5.3 Controls on lobe deposition

Lobes have been identified in all the three studied localities (Figs. 4.8, 4.11 and 4.17) and are
recognised as major architectural elements of the Kongsfjord Formation (see also Pickering,
1981, 1982a; Drinkwater & Pickering, 2001). Lobes have some common characteristics
throughout the Kongsfjord Formation which have been used as recognition criteria, such as
their tabular-shaped geometry, a two-fold architecture with a lower thin-bedded part and an
upper thick-bedded part, and sharp facies breaks representing lobe tops and the bounding
surfaces between successive lobes. Despite these common characteristics, the investigated
lobes also exhibit significantly different thicknesses, internal hierarchy, degree of
amalgamation, and different stacking trends are evident between the three studied localities (see
Table 3). In several studies, it has been recognised that lobe deposits can have variable

dimensions, stacking patterns and deposits even within an individual submarine fan system
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(Deptuck et al., 2008; Prélat et al., 2009; Etienne et al., 2012). Their formation has been
interpreted as an interaction of allogenic (tectonic settings, sea-level changes, climate) and
autogenic (basin morphology, channel migration and avulsion) processes (Bouma, 2004;
Ferguson et al., 2020). The extent to which these processes control the development and
dimensions of lobe deposits has been a matter of debate (Prélat et al., 2010; Macdonald et al.,
2011a; Marini et al., 2015; Hamilton et al., 2017; Spychala et al., 2020). Therefore, studying
the variable expressions of lobe deposits across a system can be a key to understand factors

controlling and influencing lobe deposition.

5.3.1 Lobe dimensions

While lateral extent of the lobes could not be determined in the field due to outcrop limitations,
significant variations in lobe thicknesses were noted between the three studied localities. Lobes
in Nalneset are relatively thin and typically consist of a single lobe element (Fig. 4.8). In
Seglodden, lobes form thick composite bodies typically consisting of several stacked lobe
elements (sensu Prélat et al., 2009; Fig. 4.17). Elsewhere, lobe thicknesses have been observed
to vary significantly even within a single submarine fan system (e.g., Deptuck et al., 2008;
Prélat et al., 2009; Bourget et al., 2010; Morris et al., 2014) and a variety of factors have been
invoked for these differences (Prélat et al., 2010; Hamilton et al., 2017; Spychala et al., 2020).
The difference in lobe thicknesses between the studied localities in the Kongsfjord Formation
could suggest the interaction of several factors including: (i) relative proximal to distal positions
to the break-in-slope, (ii) feeder channel stability and avulsion frequency controlling lobe

switching and compensational stacking, (iii) the degree of confinement.

The lobes of the Kongsfjord Formation are interpreted to record deposition in different
depositional environments. In slope-proximal settings (i.e., Nalneset), where lobes are
relatively thin, flow relaxation or hydraulic jumps at the mouth of up-dip feeder channels or
near the break-in-slope can enhance the erosive power of the flows (Wynn et al., 2002;
Macdonald et al., 2011b; Sumner et al., 2013; Pohl et al., 2019). Therefore, high-density
turbidity flows can erode previously deposited lobes resulting in frequent amalgamation
surfaces and overall thinner lobes with unrecognisable lobe elements (Deptuck et al., 2008;
Brooks et al., 2018a). Additionally, hydraulic jumps can favour the bypass of the finer sediment
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fraction and therefore hamper the development of the muddier lobe fringes in proximal areas
(Spychala et al., 2021). Conversely, lobes developing in more distal settings (i.e., Seglodden),
where the depositional gradients are gentler, are deposited by flows carrying higher volumes of
sediments that bypassed the proximal areas. This could result in the deposition of thicker,
composite lobes internally comprising stacked lobe elements. A similar proximal- to distal-
thickening of the lobes has been observed in submarine lobes off the margin of East Corsica
(see Deptuck et al., 2008), where thin, architecturally simple (typically consisting of a single
lobe element) lobes were observed on the slope or near the break-in-slope and thicker,
architecturally complex (consisting of several stacked lobe elements) lobes were observed in

more distal locations.

The thickness variations within lobes can also reflect variations in feeder channel geometries
and stabilities and in rates of sediment supply. Lobe dimensions are related to the number and
frequency of flows and their concentration in sediments and therefore lobe deposits formed
during low versus high sediment supply have different morphology (Deptuck et al., 2008;
Spychala et al., 2020). Typically, increased sediment supply forces lobes to build vertically
resulting in thicker deposits (Prélat et al., 2010; Rohais et al., 2021). The thickness differences
within lobes of the Kongsfjord Formation might reflect variations in sediment supply rates
possibly due to differences in feeder channel geometry or stability. In Nalneset, the thin lobes
could suggest an unstable sediment source, like a short-lived erosive feeder channel with
limited sediment supply dominated by surge-type turbidity flows. In Seglodden, the thick
composite lobes could suggest relatively constant sediment input by a long-lived feeder system.
The occurrence of sustained-type turbidity flows could contribute to the great thickness and

architectural complexity of the lobes.

The degree of confinement has been recognised as having a major influence on lobe dimensions
and stacking (Prélat et al., 2010; Marini et al., 2015; Spychala et al., 2020). Typically, within
unconfined settings the thickness of lobes is relatively restricted because of frequent switching
in lobe position (compensational stacking) while in some confined depositional settings, lobes
are forced to build vertically (aggradational stacking) forming thicker depositional bodies
(Prélat et al., 2010; Spychala et al., 2020). The great thickness of the lobes in Seglodden could
therefore reflect an increase in the degree of confinement within the system, possibly supporting
the perched intra-slope basin setting of Drinkwater (1997). However, increased confinement
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can also arise from other mechanism (see Sinclair & Tomasso, 2002; Lomas et al., 2004) and
the data presented here do not favour such a setting.

The differences in lobe dimensions between the investigated localities of the Kongsfjord
Formation appear to record differences in flow evolution (increase in transport distance) or in
feeder channel stability rather than differences in basin settings (degree of confinement).
However, most published studies documenting lobe dimensions also document their lateral
extent. Additional information on lobes lateral extent, albeit limited by outcrop limitations,
might be needed to confirm the results from this study. Additionally, the high proportion of
eroded intervals (particularly in the Seglodden section) can lead to significant uncertainties in
determining lobe bounding surfaces and therefore bias the estimated lobe thicknesses.

5.3.2 Lobe stacking patterns

Most of the investigated lobes of the Kongsfjord Formation show cyclicity recorded at lobe
element and lobe scale by thickening upward trends from lobe fringe deposits to lobe off-axis
and lobe axis deposits. These trends are interpreted as representing lobe progradation and are
commonly observed in lobes across a wide range of systems (Gervais et al., 2006; Deptuck et
al., 2008; Mulder & Etienne, 2010; Macdonald et al., 2011a; Grundvag et al., 2014). Thickness
variations at the lobe element scale is commonly attributed to compensational stacking (e.g.,
Prélat et al., 2009; Prélat & Hodgson, 2013). However, there also seem to be differences in
stacking trends between the lobes of the three studied localities. While lobes of the Nalneset
and Seglodden outcrop sections are stacked continuously, showing an aggradational to slightly
compensational style of stacking, lobes of the Veidnes outcrop section are stacked irregularly,
showing a compensational style of stacking. There are several possible reasons that could
explain the differences in lobes stacking patterns between the studied localities including: (i)
the degree of confinement, (ii) sedimentation rates and/or feeder channel stability controlling

avulsion and lobe switching.

Aggradational to slightly compensational stacking patterns have been predominantly observed
in lobes in confined settings (e.g., Pyles, 2008; Marini et al., 2015; Spychala et al., 2015; Rohais
et al., 2021). Typically, in confined settings, lobes are forced to prograde, or more commonly,
to build vertically (aggradation) since accommodation space is limited (Prélat et al., 2010).
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Lobes in semi-confined to unconfined settings typically show compensational stacking patterns
as lobes tend to accumulate in the depressions formed between older lobes (Prélat et al., 2009;
Prélat & Hodgson, 2013; Marini et al., 2015). Fully confined lobes are generally observed in
relatively small tectonically active basins or in intraslope basins (e.g., Marini et al., 2015;
Spychalaetal., 2015; Tinterri et al., 2017). All lobes of the Kongsfjord Formation seem to some
degree to show compensation cycles suggesting that deposition occurred in a relatively large,
unconfined basin. However, the margins of the basin in which the Kongsfjord Formation
turbidites accumulated and the relative stratigraphic position of the localities to each other are
unknown, although it is undisputed that the Trollfjorden-Komagelva Fault Zone (TKFZ)
defined the southernmost margin of the basin and controlled sedimentation and basin
development in the region (see Siedlecka, 1985; Drinkwater et al., 1996; Roberts & Siedlecka,
2012). In general, confinement can be subtle and occur on one side of the system only, laterally,
frontally or oblique to the main flow direction (Soutter et al., 2021). The aggradational to
compensational stacking pattern of the lobes of the Seglodden outcrop section may suggest the
influence of a lateral basin margin or a mid-basin high within the system. Confinement can also
occur from a variety of processes such as inherited basin-floor topography, topography created
by previous deposits (including mass transport complexes), and syn-depositional tectonic
deformation (Hodgson & Haughton, 2004; Lomas et al., 2004; Kane et al., 2010). However,

these processes are not supported by the results from this study.

Increased sediment supply to the basin (as a response to increased sediment flux governed by
tectonism and climatic fluctuations, relative sea-level fall, or progressive confinement) is
expected to force progradation of the turbidite system into the basin (Gardner et al., 2003;
Hodgson et al., 2016; Spychala et al., 2020). The aggradational stacking pattern of lobes in
Seglodden could reflect rather steady sediment supply in unconfined settings leading to
aggradation and compensational stacking of lobes on the basin floor (e.g. Prélat et al., 2009).
Pickering (1981) have previously noted the difference in lobes stacking patterns in the
Kongsfjord Formation between the Seglodden and the Veidnes sections. He suggested that the
differences in lobe stacking patterns could reflect differences in sediment distribution processes
with lobes in Seglodden representing stable deposition controlled by autogenic processes such
as channel migration and avulsion, and lobes in Veidnes reflecting source-controlled sediment
distribution in sediment supply. The Seglodden area could be down-dip of a major feeder

channel/canyon bringing continuously large volume of sediments into the system and forcing
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lobes to aggrade and eventually to switch position. The Veidnes area could be fed by a less
stable, short-lived feeder-channels occasionally bringing lower, yet significant volumes of
sediments onto the basin floor resulting in lobe progradation followed by abandonment. At
outcrop scale, observing stacking patterns is often limited by the two-dimensional nature of the
outcrops. In Seglodden, where the stacking trends have been observed based on only one
vertical section, this could lead to significant errors. Moreover, the high proportion of
eroded/missing intervals, and the high degree of amalgamation can also induce errors in the

interpretation of lobe deposits.

5.4 Depositional model for the Kongsfjord Formation

Based on the results from this study, a conceptual model for the development of the Kongsfjord
Formation is proposed (Fig. 5.2). Since the base of the Kongsfjord Formation is not exposed
and that large scale and regionally extensive tectonic deformation do not allow stratigraphic
correlations between outcrop sections, it is not possible to reconstruct the full extent of the
Kongsfjord Formation submarine fan system. However, this study provides insights to the
different depositional environments and their architectural elements within the system.
Differences in bed type percentages and lobe thicknesses and stacking patterns suggest that the
deposition in the Kongsfjord Formation is most likely controlled by the interaction of several
autogenic processes including feeder channel geometry and stability, flow transport distances,
and sedimentation rates controlling lobe avulsions. The Nalneset outcrop section was possibly
deposited in relatively slope-proximal settings, whereas the Veidnes outcrop section was
deposited in more distal basin-floor settings influenced by unstable erosive distributary
channels. This resulted in frequent flow transformation and deposition of HEBs in lobe off-axis
and fringe settings. The Seglodden outcrop section was possibly deposited in stable, relatively
distal basin-floor settings and fed continuously by a stable sediment source. Steady sediment
supply resulted in the deposition of thick, aggradationally to compensationally stacked lobes.
Additionally, high sedimentation rates can trigger slope failures that trigger both surge- and
sustained-type flows at the shelf edge, adding to the complex architecture of the corresponding

lobes.
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The Kongsfjord Formation accumulated during the Late Precambrian as part of the shallowing
upward succession of the Barents Sea Group that filled a deep, regionally extensive rift basin
along the northeastern margin of Baltica (Drinkwater et al., 1996; Roberts & Siedlecka, 2002).
The margin of the basin was delimited by the TKFZ to the south, which played a major role in
the early basin development (Drinkwater et al., 1996; Nystuen et al., 2008). Siedlecka (1985)
suggested that the Kongsfjord Formation basin might have been part of a graben or half-graben
with at least one steep, fault-controlled margin. Fault-controlled basins can offer significant
accommodation space induced by fault-controlled subsidence (e.g., Hiscott et al., 1990;
Gawthorpe et al., 1997). In the case of the Kongsfjord Formation, this could possibly explain
the great thickness of the formation (> 3200 m). Additionally, episodes of fault activity can
play a major role in slope instability and in triggering sediment failure (Piper et al., 1999; Piper
& Normark, 2009).

The Kongsfjord Formation is part of a N-NE prograding slope to basin-floor system that
includes the overlying Basnaeringen Formation consisting of prodelta, delta front, delta top and
associated fluvial deposits (Pickering, 1982b, 1984; Siedlecka et al., 1989). The lower part of
the Basnaringen Formation consists of slope and prodelta deposits showing abundant soft-
sediment deformation as slides, slumps and liquefaction indicating a slope driven by high
instability and frequent mass wasting processes (Siedlecka & Edwards, 1980; Pickering, 1982b;
Siedlecka et al., 1989). Additionally, Siedlecka et al. (1989) reported gully-shaped depressions
and channel-fills indicating high sediment bypass. This suggests that slope instability possibly
due to high sedimentation rates and/or fault activity was an important process for triggering
sediment failure and initiating turbidity currents. Furthermore, the delta top and fluvial deposits
of the Basnaringen formation are characterised by distributary channel fills of a high-energy
braided fluvio-deltaic system (Hjellbakk, 1993; Hjellbakk, 1997). Sediment provenance studies
suggest that a Mesoproterozoic terrane, which is not preserved today, was exposed to erosion
and provided much of the infill for the Kongsfjord and Basnaringen Formations (Roberts &
Siedlecka, 2012). The uniform and relatively fine-grained nature of the sediments of the
Kongsfjord Formation may indicate a recycled sediment source. Therefore, well-exposed
sediment sources in the non-vegetated settings of the Precambrian resulted in a high discharge
fluvio-deltaic system with rapid runoff and unstable flash-flood dominated channels
(Hjellbakk, 1993; Hjellbakk, 1997). According to Hjellbakk (1997), the Basnaringen fluvial

system had an exceptionally wide braidplain due to the absence of stabilised vegetated banks
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forcing channels to expand laterally. This suggests that considerable volumes of sediments
regularly reached the shelf edge from multiple sources due to the braided and unstable nature
of the fluvio-deltaic system. This possibly resulted in the bypass of the sediments to the basin-
floor in several erosional gullies, channels and/or canyons and the deposition of coalescing
lobes on the basin-floor. Therefore, the sediment delivery system probably resembled a
multiple-sourced sand-rich system and resulted in the deposition of the Kongsfjord Formation
as sand-rich slope aprons or a sand-rich submarine ramp (see classification of Reading &
Richards, 1994). Such multiple-sourced systems form when considerable volumes of sediments
are available for failing from several sources and feeders resulting in the deposition of
coalescing lobes on the basin floor (Reading & Richards, 1994; Richards et al., 1998).
Typically, submarine ramps are associated with stable feeder systems (see Heller & Dickinson,
1985), while slope aprons are associated with unstable feeder systems and slope failure (e.g.,
Wynn et al., 2000). Therefore, the suggested ‘flash-flood’ nature of the Basnearingen feeder
system and the evidence of frequent slope failure rather points to a slope apron-type of system
for the Kongsfjord Formation turbidite system. This shows that the classical submarine fan
models (e.g., Normark, 1970; Mutti & Ricci Lucchi, 1972; Walker, 1978) are difficult to apply
to the Kongsfjord Formation and should only be used with caution. These facies models were
developed mainly based on relatively small, point-sourced submarine fan systems that were

significantly different from the large Kongsfjord Formation turbidite system.

5.5 Comparison with other submarine fan systems

Lobes of the Kongsfjord Formation show a similar architectural hierarchy (bed, lobe element,
lobe, lobe complex), sub-environments (lobe axis, lobe off-axis and lobe fringe) and stacking
trends (aggradational to compensational) to lobes of several submarine fan systems including
lobes of the Karoo Basin, South Africa (Johnson et al., 2001; Prélat et al., 2009; Groenenberg
et al., 2010; Spychala et al., 2017b); and the Ross Formation, western Ireland (Pyles, 2008;
Pyles & Jennette, 2009; Macdonald et al., 2011a; Pyles et al., 2014; Pierce et al., 2018; Zhang
& Li, 2020).

In particular, the Kongsfjord Formation shows great similarities to the Skoorsteenberg

Formation in the Karoo Basin that consist mainly of fine-grained turbidite deposits (Hodgson
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et al., 2006; Prélat et al., 2009). The lobes of the Skoorsteenberg Formation show a wide range
of thickness trends interpreted as representing compensational stacking and deposition in
unconfined settings (Prélat et al., 2009; Prélat & Hodgson, 2013). The distribution of HEBS in
the Karoo Basin has been interpreted to be controlled by autogenic processes such as channel
avulsion and the stacking patterns of lobes (Spychala et al., 2017a). In the Kongsfjord
Formation, lobe stacking patterns also possibly controlled the distribution of HEBs. However,
in contrast with the Kongsfjord Formation, the Skoorsteenberg Formation has a limited
thickness (ca. 450 m thick; Johnson et al., 2001), reflecting different key parameters. The
submarine fans of the Karoo Basin developed in a retro-arc foreland basin as part of shallowing
upward basin-floor-slope succession (Johnson et al., 2001). The Kongsfjord Formation
accumulated in a passive margin formerly subjected to rifting. Late syn-rift to post-rift
subsidence and/or long-term relative sea-level rise created significant amounts of
accommodation space for the Kongsfjord Formation turbidites to accumulate. Additionally,
high sedimentation rates at the shelf edge resulted in frequent sediment failure and promoted
the aggradational and compensational stacking of the coalescent lobes which eventually
resulted in the great thickness of the succession. Other well studied submarine fan systems are
generally recording deposition along active margins, whereas there are really few documented
example of submarine fans associated to large, passive margins because such systems are

severely affected by orogenic processes and rarely preserved.
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Figure 5.2: Conceptual model for the deposition of the Kongsfjord Formation (not to scale) showing the
inferred location of each investigated outcrop section (i.e., Nalneset, Veidnes and Seglodden) within the
Kongsfjord Formation turbidite system and their related deposits. Theoretical logs show typical section
through the studied areas and the main recognition criteria for the depositional sub-environments.
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6 Conclusions

This study documents the sedimentology and depositional architecture of the Kongsfjord
Formation, northern Norway. Detailed facies and bed by bed analyses from stratigraphic logs
and digital outcrop models in three main outcrop areas allowed to identify architectural

elements and depositional sub-environments and resulted in the following conclusions:

e A total of eight bed types were recognised within the investigated outcrop sections of
the Kongsfjord Formation. Amalgamated, coarse-grained, thick-, medium- and thin-
bedded and fine-grained turbidite beds (BT 1 to BT 6) record deposition by high- and
low-density turbidity flows. Hybrid event beds (BT 7) record deposition by transitional
flows. Debrite beds (BT 8) record en masse deposition by cohesive debris flows.

e Two types of architectural elements were recognised within the investigated sections:
channels and lobes. Channels have shallow (<1 m erosional relief) erosive bases and
comprise a high proportion of amalgamated beds that record deposition in confined
settings. Lobes are tabular-shaped units that record deposition in unconfined settings in
front of channels. Lobes have a two-fold architecture with a thin-bedded lower part and
a thick-bedded upper part. Based on their characteristic bed type associations, three
distinct lobes sub-environments have been recognised: lobe axis, lobe off-axis and lobe

fringe deposits.

e Lobes exhibit a four-order hierarchy: beds stack into lobe elements, lobe elements stack
into lobes and lobes stack into lobe complexes. Thickness variations at lobe elements
scale are attributed to compensational stacking. Lobe elements and lobes often show

thickening upward trends interpreted as recording lobe progradation.

e Based on the vertical and lateral distribution of bed types, different sub-environments
have been recognised. The frequent scouring and amalgamation surfaces in the Nalneset
outcrop section record deposition in semi-confined slope-proximal settings. The
Veidnes outcrop section records deposition in unconfined relatively distal basin-floor

settings. The Seglodden outcrop section records deposition in distal basin-floor settings
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by large-volume flows that bypass up-dip areas. Sustained-turbidity currents possibly
result in the deposition of thick massive to weakly graded turbidite beds.

Hybrid event beds (HEBs) comprise a lower turbidite sandstone division and an upper
clast-rich heterogeneous debrite division. Thick, clast-rich HEBs are deposited by
turbidity flows that transform to cohesive debris flows due to the entertainment and
disaggregation of mudstone clasts. They represent the most distal expression of HEBs.
Thin HEBs with a mud-rich matrix are deposited by mud-enriched turbidity flows that
transform to cohesive debris flows due to flow deceleration and grain size segregation.
They occur in lobe fringe and lobe off-axis deposits in distal settings. The distribution
of HEBs in the Kongsfjord Formation reflects slope disequilibrium during the early

phase of development of lobe complexes or channel avulsion and lobe stacking patterns.

Lobes show differences in thicknesses, internal hierarchy, degree of amalgamation and
stacking trends between the studied outcrop sections of the Kongsfjord Formation
suggesting that lobe deposition is controlled by the interaction of several autogenic
processes. The Kongsfjord Formation accumulated in a rift basin as part of a slope to
basin-floor system comprising the overlying Basnazringen Formation. High
sedimentation rates and sediment failure are likely to be the main controls for the
deposition of the Kongsfjord Formation turbidite system as coalescent lobes on the

basin-floor.
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7 Future research

The large outcrop areas of the Kongsfjord Formation offer many possibilities for further
investigations and analyses. As the recognition of the architectural elements was often limited
by the two-dimensional nature of the outcrops, further research should focus on the
identification of the geometries of the architectural elements and on regional correlations
between sections using aerial images and digital outcrop models (using a drone for large scale
and high-resolution image acquisition). This should be accompanied by a detailed study of the
tectonic deformations across the Formation in order to gain a better understanding of the
stratigraphic positions of each locality. Additional information on the petrography and
geochemistry of the successions may provide better understanding to the provenance of the

Kongsfjord Formation and therefore allow better paleogeographic reconstructions.

Additionally, as the deposition of the Kongsfjord Formation was controlled by the progradation
of the Basnaringen fluvio-deltaic system, a detailed study of the Basnaeringen Formation may
provide a better understanding of the factors controlling sediment deposition within the slope

to basin-floor system.
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Appendix 2: Digital outcrop models
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