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1 | INTRODUCTION

Abstract

Structurally controlled bathymetry in rifts has a significant influence on sediment
routing pathways and depositional architecture of sediment gravity flow deposits.
In contrast to rift segments characterized by crustal-scale half-grabens, the tectono-
stratigraphic evolution of deep-water rift domains characterised by distributed fault-
ing on narrow fault terraces has received little attention. We use 3D broadband
seismic data, calibrated by boreholes, from the Lomre and Uer terraces in the north-
ern North Sea rift to investigate Late Jurassic syn-rift sediment gravity flow systems
on fault-terraced slopes. The sediment gravity flow fairways were sourced from
hinterland drainages via basin margin deltaic systems on the Horda Platform to the
southeast. The deep-water sedimentary systems evolve from initial, widespread sub-
marine channelized lobe complexes, through submarine channels, to incised subma-
rine canyons. This progressive confinement of the sediment gravity flow system was
concomitant with progressive localization of strain onto the main terrace-bounding
faults. Although the normal fault network on the terraces has local impact on deep-
water sediment transport and the architecture of gravity flow deposits, it is the
regional basin margin to rift axis gradient that dominantly controls deep-water sedi-
ment routing. Furthermore, the gravity flow deposits on the Lomre and Uer terraces
were predominantly sourced by rift margin deltaic systems, not from erosion of local
uplifted footwall crests, emphasising the significance of hinterland catchments in the

development of volumetrically significant deep-water syn-rift depositional systems.

KEYWORDS

gravity flows, normal fault terraces, rift basins, seismic geomorphology, submarine channels and
canyons, submarine lobes, syn-rift sequences, turbidites

& Leeder, 2000). The way in which fault segments grow
and link to form through-going fault arrays is recog-

The stratigraphic evolution of rift basins is closely linked nized as a first-order control on syn-rift accommodation
to growing normal faults that control most of the surface space, sediment supply and sediment routing (Anders &
topography during rifting (Cowie et al., 2005; Gawthorpe Schlische, 1994; Cowie et al., 2000, 2005; Gawthorpe &
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Leeder, 2000; Prosser, 1993). Existing studies suggest
that early-stage rift basins, often referred to as ‘rift initia-
tion stage’ (Jackson et al., 2006; Prosser, 1993; Ravnas &
Steel, 1998), are dominantly fill-to-spill basins characterized
by terrestrial to shallow marine depositional systems. As rift-
ing progresses, localization of faulting onto few, large normal
faults leads to increasing subsidence rates and accommoda-
tion creation often significantly outpacing sediment supply in
the rift climax stage, which results in deep-water sediment-
starved rift basins (Gawthorpe et al., 1994; Gawthorpe &
Leeder, 2000; Prosser, 1993; Ravnas & Steel, 1998). Most
tectono-sedimentary studies of rift basins focus on major,
crustal-scale tilted fault blocks. Yet, significant differences
in erosion, sediment transport and deposition are expected
to occur in areas characterized by structurally complex, nar-
row fault terraces that often characterize rift accommodation
zones (Duffy, Brocklehurst, et al., 2015; Ferseth & Ravnas,
1998; Jackson & Leeder, 1994; Younes & McClay, 2002).

Deep-water deposits in active rifts are usually depicted
as fault-scarp aprons along major basin margin faults and as
submarine gravity flow fans that are either fed through relay
zones or sourced locally from uplifted footwalls (Leeder &
Gawthorpe, 1987; Prosser, 1993; Ravnas & Steel, 1998).
These settings are frequently documented on subsurface-
and outcrop data around the world, for example, in the Gulf
of Suez (Leppard & Gawthorpe, 2006), East Greenland
(Henstra et al., 2016), the Tamtsag Basin (Jia et al., 2014)
and Lake Baikal (Nelson et al., 1999). Studies from the
Late Jurassic of the northern North Sea have documented
such systems, for example, in the Brae submarine fan sys-
tem (Fraser et al., 2003; Turner et al., 2018). Important
turbidite systems are also observed on the hanging wall
dipslope of large rotated fault blocks (Jackson et al., 2011;
Ngttvedt et al., 2000; Ravnas & Steel, 1997). In general, it
is further recognized that deep-water axial sediment rout-
ing can evolve from these short transverse sedimentary
fairways and transport coarse-grained sediments along
the rift axis (Gawthorpe & Leeder, 2000; Prosser, 1993;
Ravnéas & Steel, 1998).

We utilized new regional high-resolution 3D broadband
seismic reflection data, calibrated by a comprehensive well
database, to investigate the Late Jurassic evolution of deep-
water sedimentary systems on the Lomre and Uer terraces,
northern North Sea (Figure 1). Our objectives are to (i) il-
lustrate the evolution of syn-rift deep-water depositional
systems downdip of major basin-margin deltaic systems, (ii)
investigate the interaction of these systems with the complex
normal fault terrace topography and (iii) identify the impact
of fault geometry on associated deep-water depocenters. The
study advances current tectono-sedimentary models of deep-
water depositional systems in rifts, which are mostly focused
on local footwall-sourced, transverse depositional systems in
major crustal-scale half graben.

- 1845
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Highlights

o Integration of well data, seismic stratigraphy and
3D seismic geomorphology to elucidate on the
regional evolution of deep-water syn-rift deposi-
tional systems on closely spaced fault terraces

e Evolution of a deep-water syn-rift clastic system,
which can be linked from shallow-marine source
to sink

e Rift margin sediment supply with hinterland
drainage is main source for sediments to the
syn-rift gravity flow fairways

e Deep-water sediment routing on fault terraces is
dominantly controlled by the regional slope gra-
dient rather than the local fault-block topography
associated with tilting and crestal uplift

e Updated conceptual models for deep-water sedi-
ment routing and depositional architecture in syn-
rift settings with dominantly distributed strain

2 | REGIONAL GEOLOGICAL
SETTING

The greater Viking Graben area is located in the northern
North Sea and developed as a result of two distinct phases
of rifting, one in the Permo-Triassic and the second in the
Late Jurassic to Early Cretaceous (Badley et al., 1988;
Feaerseth, 1996; Odinsen et al., 2000; Zanella et al., 2003)
(Figure 1). In the Late Jurassic, the study area comprised
marginal platform areas, deep rift-axis grabens and inter-
vening normal faulted terraces that created a stepped slope
profile. Recent studies using 3D seismic reflection and well
data have constrained the structural framework (Duffy,
Bell, et al., 2015; Phillips et al., 2019; Reeve et al., 2015;
Whipp et al., 2014) and sedimentological evolution (Dreyer
et al., 2005; Holgate et al., 2013, 2015; Patruno et al., 2015;
Stewart et al., 1995) of associated shallow marine depos-
its. However, little attention has been given to the adjacent
terrace areas and their Late Jurassic deep-water, syn-rift
sedimentology.

The majority of the up to 3 km thick, Late Jurassic syn-
rift strata in the rift-axis graben is characterized by basinal,
shale-rich units of the Heather and Draupne Formations
(Fraser et al., 2003; Vollset & Doré, 1984). The transition
from Heather Formation mudstone to Draupne Formation
black shale deposition marks a time transgressive surface,
younging towards the basin margin and on intrabasinal highs,
but is approximately of late Oxfordian to late Kimmeridgian
age (Fraser et al., 2003; Vollset & Doré, 1984). The shift to
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FIGURE 1

Structural overview map of the northern North Sea basin system (from Bell et al. (2014) after Feerseth (1996)). Red rectangle

marks the outline of Figure 2. ESB = East Shetland Basin, B-S = Brent-Statfjord Fault, G-V = Gullfaks-Visund Fault, MS = Malgy Slope,

HP = Horda Platform

deposition of the highly radioactive Draupne Formation shale
has been linked to peak extension and associated basin deep-
ening (e.g. Feerseth & Ravnas, 1998).

Contemporaneous
quences, sourced from major hinterland catchments on
the Norwegian mainland, are developed across the Horda
Platform on the eastern margin of the Viking Graben
(Figures 2 and 3) (Fraser et al., 2003; Holgate et al., 2013;
Patruno et al., 2015; Ravnas & Bondevik, 1997). Periodic
outbuilding of these shallow marine and deltaic systems
created the Krossfjord (Bathonian), Fensfjord (Callovian)
and Sognefjord formations (Oxfordian to Kimmeridgian)

shallow marine and deltaic se-

(Holgate et al., 2013; Patruno et al., 2015; Ravnas &
Bondevik, 1997) (Figure 2a). These basin margin deposi-
tional systems supplied sediment to deep-water gravity flow
systems across faulted terraces towards rift axis grabens.
The resulting gravity flow deposits are informally referred
to as intra-Heather- and intra-Draupne Formation sandstones
(Koch et al., 2017; Ravnas et al., 2000; Zhong et al., 2020)
(Figure 2b). Large-scale Late Jurassic canyon incision (ca.
Kimmeridgian — early Tithonian) has been described along
the eastern margin of the North Viking- and Sogn grabens,
including the Lomre and Uer Terraces (Jackson et al., 2008;
Koch et al., 2017; Sgmme et al., 2013).
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FIGURE 2 Chronostratigraphic table of the Late Jurassic, modified after Fraser et al. (2003). Right column shows stratigraphic subdivision in

this study. Dashed orange line depicts approximate chronostratigraphic position of mapped seismic surfaces, SU = Seismic Unit

3 | DATA AND METHODS
Our study uses new 3D broadband seismic reflection data
of the Northern North Sea covering ca. 9,000 km? from the
eastern flank of the North Viking Graben (Figures 1 and 3).
The version used in this study is post-stack depth migrated
and time-stretched, meaning that vertical values here refer
to depth in two-way time (TWT). The seismic data have an
inline spacing of 18.75 m and crossline spacing of 12.5 m,
and processed in zero phase with SEG normal polarity con-
vention, where a downward increase in acoustic impedance
results in a peak response (blue reflection).

The seismic resolution in the Late Jurassic of the Lomre
and Uer terraces is ca. 15 m vertical and 30 m lateral based on

a maximum frequency of about 62 Hz at —20 dB and an aver-
age interval velocity of 3,359 m/s (Figure 4). Due to the rel-
atively deep burial of the Late Jurassic sedimentary systems
(ca. 2.5-3.5 s (TWT)) on the Lomre and Uer terraces, the im-
pedance contrasts between sandstones and mudstones are re-
duced compared to shallower strata (Cook & Sawyer, 2015).
Thus, imaging depositional shapes and geometries is rela-
tively challenging, and integration of well data and advanced
seismic attributes are essential parts of analysing the deposi-
tional systems.

We used core, mud log and well log data from 40 explo-
ration wells to integrate sedimentological calibration of the
seismic geomorphology. Figure 4 shows the location of the
exploration wells that were used in order to constrain ages,
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FIGURE 3 Base Late Jurassic syn-rift seismic surface of the eastern flank of the North Viking Graben (location in Figure 1), polygon marks
outline of study area, circles are well locations used in this work. (a) Time-structure map of the Top of the Middle Jurassic BRENT Group with
variance attribute overlay. (b) Simplified map illustrating the subdivision into structural elements: HP = Horda Platform, LT = Lomre Terrace,

UT = Uer Terrace, FS = Flatfisk Slope, NVG = North Viking Graben, MSP = Marflo Spur, RR = Ryggsteinen Ridge, MS = Malgy Slope,

SG = Sogn Graben, BH = Brage Horst, OF = Oseberg Fault Block Major Faults are KF = Kinna Fault, TF = Troll Fault, SF = Svarte Fault,

TuF = Tusse Fault, VF = Vette Fault, LSF = Lomre South Fault, LNF = Lomre North Fault (in this study also ‘Fault 3”). (c) Cross section through
hanging wall of Kinna Fault, location in Figure 3a/b and annotation from Figure 5. (d) Cross section through the northern Lomre Terrace, location
in Figure 3a/b and annotation from Figure 5
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FIGURE 4 Map showing the location of the exploration wells
used in this study (for location of 31/5-2 see Figure 3). Maximum
seismic frequency (—20 dB) averaged over thickest Late Jurassic
stratigraphy of the study area located in the hanging wall of the Kinna
Fault. Average interval velocity from adjacent well 35/11-6

lithology and depositional environment of the Late Jurassic
stratigraphy. We used raw and interpreted well data from
the Norwegian Petroleum Directorate (NPD) data repos-
itory and company-internal biostratigraphic reports. The
majority of these wells are located in crestal locations,
which undersamples syn-rift strata in hanging walls and
hanging wall dip slopes.

Frequency decomposition of the seismic data was used
to visualize subtle depositional elements of varying strati-
graphic thickness that, otherwise, can be masked in standard
attribute maps (Koson et al., 2014; Laughlin et al., 2003;
McArdle & Ackers, 2012; Partyka et al., 1999). We used
a combination of frequency decomposition red-green-blue
(RGB) colour blending and the exchroma SRGB method,
which co-renders image-processed seismic attribute cubes
into RGB colour blends (Laake, 2015). The three exchroma
attribute cubes are generated by calculating root-mean-
square (RMS) amplitude values over narrow windows of
different averaging window sizes for each attribute cube (red
channel = longest RMS window, green channel = mid-sized
RMS window, blue channel = shortest RMS window). This
method extracts very subtle heterogeneities within the seis-
mic data and especially aids the interpretation in areas of low
impedance contrast.

We combine the variance attribute (Chopra &
Marfurt, 2007) with RGB blends in a multi-attribute displays
to illustrate vertical, as well as lateral heterogeneity and,
thus, maximize the seismic geomorphologic signature of the
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deep-water sedimentary systems. The RGB blends extract at-
tribute values from within the mapped seismic units over de-
fined vertical windows, typically between 1 and 15 ms (TWT),
depending on stratigraphic thickness and clearest seismic geo-
morphologic signature. The interpretation of these attribute
maps is further supported by time-thickness maps of individ-
ual stratigraphic units. These maps reveal the large-scale spa-
tial and temporal evolution of thickness patterns, which allow
for interpretation of structural and sedimentological controls
on thickness variations within the syn-rift depocenters.

4 | STRUCTURAL ELEMENTS

Figure 3 shows a blended variance time-structure map of the
base syn-rift Horizon 1, which broadly coincides with the top
of the Brent Group throughout most of the eastern flank of the
Northern Viking Graben. The North Viking Graben is part of
alarger, right-stepping rift axis formed by 30—50 km wide and
70-100 km long graben segments (e.g. Ferseth et al., 1998).
Its eastern margin is defined by the northernmost part of a
300 km long, N-S-trending structural high, referred to as Horda
Platform (e.g. Badley et al., 1988; Bartholomew et al., 1993;
Glennie, 1990) (Figure 3). The Mélgy Slope marks the east-
ern rift margin to the N of the Horda Platform and forms the
eastern margin of the Sogn Graben, the northernmost graben
segment of the Late Jurassic northern North Sea rift system
(e.g. Bell et al., 2014; Faerseth et al., 1998). The North Viking
Graben is asymmetric and bound by a crustal-scale border
fault to the W (Fossen et al., 2010), and down-stepping tec-
tonic terraces to the E (Ravnas et al., 2000). Important struc-
tural elements between marginal Horda Platform and the deep
North Viking Graben are the Lomre and Uer terraces, two
intra-basinal highs (Ryggsteinen Ridge and Marflo Spur) and
the Flatfisk Slope (Figure 3).

4.1 | Horda Platform/Malgy Slope

The Horda Platform forms a regional palaecogeographical
high during the Late Jurassic (Duffy, Bell, et al., 2015; Whipp
et al., 2014). Internally it comprises crustal-scale half graben
that are 615 km wide and tilt towards the E (Bell et al., 2014;
Dreyer et al., 2005; Duffy, Bell, et al., 2015; Whipp et al., 2014)
(Figure 3b). With the exception of a secondary NW-SE-striking
fault population (Whipp et al., 2014), normal faulting within
the Horda Platform largely pre- or post-dates the Late Jurassic
(Dreyer et al., 2005; Holgate et al., 2013; Patruno et al., 2015;
Whipp et al., 2014). The Malgy Slope is located N of the Horda
Platform, is bound by the @ygarden Fault Complex to the E
and shows a westward down-stepping of compartmentalized
N-S striking half graben into the deep Sogn Graben (Jackson
et al., 2008; Reeve et al., 2015).
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4.2 | Lomre and Uer terraces

The Lomre and Uer terraces are down-thrown structures
relative to the Horda Platform (Figure 3b). To the SE, the
Lomre Terrace is bound by the Troll and Lomre South Fault
(Figure 3b/c, TF, LSF). Further NE, the Lomre Terrace is bound
by the Kinna Fault (KF) and a zone of closely spaced faults,
which link the Kinna Fault with the Troll Fault. This fault trans-
fer zone is characterized by narrow fault blocks (1-2 km wide)
with NW- and SE tilt (Figure 3d). The Kinna Fault separates the
eastward tilted Ryggsteinen Ridge (Figure 3c), a major intra-
basinal horst, from the Lomre Terrace to the W and Uer Terrace
to the E. The Uer Terrace is a comparably simple, 20-km-wide
eastward tilted fault block, bound on its south-western side by
the Vette Fault (Figure 3b).

The northern margin of the Lomre Terrace is the hanging
wall of the Kinna Fault, and the western margin the faulted
Flatfisk Slope that leads westward into the deep rift-axis of
the North Viking Graben. The Sogn Graben is located to the
N of the Lomre Terrace and separated from the North Viking
Graben by the Marflo Spur (Figure 3) (Fossen et al., 2010).

5 | SEISMIC STRATIGRAPHIC
FRAMEWORK

The seismic stratigraphic framework is based on six regional
seismic horizons, tied to chronostratigraphic information
from 40 wells (Figure 3). The mapped horizons divide the
Late Jurassic interval into five stratigraphic units (Figure 2,
SU1-5) with detailed age constraint provided by seismic
well ties, allowing correlation with the J-sequences scheme

TABLE 1 Details of mapped seismic horizons
Dominant
Seismic horizon polarity Approximate age
6. Top Draupne Fm./BCU Trough Late Tithonian
5. Base Draupne Fm. Peak Late Kimmeridgian —
Early Tithonian
4. Intra-Heather Fm./Base Peak Late Oxfordian — Early
Canyons Kimmeridgian
3. Intra-Heather Fm. Trough Middle Oxfordian
2. Intra-Heather Fm. Peak Late Callovian
1. Top BRENT Gr. Trough Bajocian — Early

Callovian

of Partington et al. (1993). No direct well control was avail-
able for the Late Jurassic in the south-eastern Uer Terrace
and the Flatfisk Slope. The eastern part of the study area, in
particular the Malgy Slope, parts of the Uer Terrace, and the
Ryggsteinen Ridge are heavily eroded and only remnants of
the Late Jurassic stratigraphy are preserved, making seismic
mapping of horizons difficult.

Horizon 1 forms the base of the Late Jurassic syn-rift in-
terval and is picked on a major flooding event at the contact
between Brent Group and the overlying Heather Formation.
Horizon 1 varies significantly in phase and amplitude. It
is most commonly a strong trough reflection, generated by
moderate impedance Heather Formation mudstone against
very low impedance coal seams within the deltaic Etive and
Ness Formations, or low impedance transgressive sandstone
of the Tarbert Formation (Table 1). Horizon 2 forms the
top of Seismic Unit 1 and is mapped on a basin-wide maxi-
mum flooding surface (mfs) of late Callovian age (mfs J46,
Partington et al., 1993), which also dates Seismic Unit 1 to
mostly Callovian age.

The top of Seismic Unit 2 is defined by Horizon 3 and
mostly mapped on a trough reflection marking the top of rel-
atively thick intra-Heather Formation sandstones (Table 1).
However, variations in phase do occur with sandstones show-
ing peak, as well as trough reflectors at their top. Wells con-
sistently date this horizon to the late mid Oxfordian (mfs J54,
Partington et al., 1993), thus dating Seismic Unit 2 to early—
mid Oxfordian (Figure 2).

Horizon 4 forms the boundary between Seismic Units 3
and 4 and is dominantly mapped on a strong to moderate peak
reflection caused by mud-rich strata overlying relatively thin
gravity flow deposits (Table 1). However, phase can vary for

Comments

Strong regional reflector caused by sharp downward
decrease from carbonaceous Lower Cretaceous into low-
impedance mudstone of Draupne Formation

Regional reflector from low-impedance Draupne Formation
mudstone to underlying moderate-impedance Heather
Formation mudstone

Local strong amplitude, mostly peak, due to impedance
contrast of intra-Heather sandstone against Heather Fm.
mudstone

Dominantly trough response from thick low-impedance
intra-Heather Fm. sandstone against overlying moderate to
high impedance Heather Fm. mudstone

Regional trough caused by upward increase of impedance
caused by Callovian maximum flooding event

Frequent-phase variation but usually strong trough caused
by very low-impedance coal of Ness Formation, regionally
approximates base syn-rift
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Fm. Sst., TS = Top Sognefjord Fm., TH®> = Top Heather Fm. III, TD = Top Draupne Fm

this horizon, which is in some areas represented by a trough
reflection. Age data from wells define the surface as latest
Oxfordian and early Kimmeridgian age (mfs J62, Partington
etal., 1993).

Horizon 5 marks the top of Seismic Unit 4 and was mapped
on a very strong regional peak reflection at the base of Draupne
Formation mudstone. This contact is conformable in most parts
of the Lomre Terrace and hangingwall of the Kinna Fault, but
local truncation occurs on structural highs, especially the Uer
Terrace and Ryggsteinen Ridge, where Seismic Unit 4 is almost
completely absent. Well ties suggest that mudstone overlying
Horizon 5 give an earliest Tithonian age and that Horizon 5
equates to the J64 mfs (Partington et al., 1993). Hence, Seismic
Unit 4 is of early-to-late Kimmeridgian age.

A very strong regional trough reflection caused by calcar-
eous Lower Cretaceous strata on top the Draupne Formation

mudstone marks Horizon 6, which defines the top of Seismic
Unit 5 (Table 1). Horizon 6 was mapped on this basin-wide seis-
mic event, whichis referred to as Base Cretaceous Unconformity
(BCU), and approximates the J74 mfs (Partington et al., 1993)
in areas of correlative conformity.

6 | LITHOSTRATIGRAPHIC
FRAMEWORK

Figure 5 is a well section from the Horda Platform across
the Lomre Terrace and onto the Flatfisk Slope and is used
to provide the Late Jurassic depositional environment frame-
work of the study area. Well 31/5-2, located on the Horda
Platform, contains all three Late Jurassic deltaic formations
(the Krossfjord, Fensfjord, Sognfjord formations; Patruno
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et al., 2015; Stewart et al., 1995), separated by transgres-
sive intervals characterized by high-gamma ray Heather
Formation mudstone.

The most proximal well on the Lomre Terrace 35/11-10
(Figure 5) also contains more than two hundred meters of the
deltaic Fensfjord and Sognefjord Formation, but also much
thicker Heather Formation mudstone. Mudstone dominated,
high-gamma ray strata in 35/11-5 indicates the transition from
overall shallow marine to slope environments in the proximal
to central Lomre Terrace W of 35/11-10 and 35/11-4 (Ravnas
et al., 2000). 35/11-5, together with other north-westerly wells
(35/11-6, 35/8-2, 34/2-1; Figure 5), is dominated not only by
high-gamma ray mudstone, but also shows that low-gamma
ray deposits occur in the central Lomre Terrace and the hang-
ing wall of Kinna Fault (e.g. 35/8-2, 35/11-6, 35/11-5). These
deposits have informally been referred to as intra-Heather
Formation sandstones (Koch et al., 2017; Zhong et al., 2020).
They are cored in several wells on the Lomre Terrace
(Figure 4), and interpreted as gravity flow deposits and hyper-
pycnites (Ravnas et al., 2000; Zhong et al., 2020). Wells from
the Ryggsteinen Ridge (35/9-8, 35/9-7, 35/9-10A; Figure 4)
contain several intervals of Late Jurassic intra-Heather sand-
stones, which have been interpreted as stacked low-density
to high-density gravity flow deposits with occasional argilla-
ceous, mud clast-bearing linked debrites (Koch et al., 2017).
In contrast, strata on the long-lived Late Jurassic intra-basin
high on the Flatfisk Slope are condensed and dominated by
high-gamma ray mudstone (well 34/12-1).

7 | WELL-CALIBRATED SEISMIC
FACIES

We identify six seismic facies (Table 2), calibrated by well-
based sedimentological data (Figures 6—11), that characterize
the Late Jurassic of the Lomre and Uer Terraces: (1) chan-
nelized lobes, (2) fault-confined lobes, (3) submarine channel
belts, (4) proximal submarine canyons, (5) distal submarine
canyons and (6) background deposition. Seismic Facies 1 and
2 occur contemporaneously and are overlain by the younger
Seismic Facies 3. They are part of a prograding slope that
developed on the fault terraces basinward of the Sognefjord
delta. Seismic Facies 4 and 5 are younger features and occur
stratigraphically above Seismic Facies 1-3.

7.1 | Seismic Facies 1. Channelized lobes

7.1.1 | Seismic expression

Seismic Facies 1 (SF1) is part of the first, and volumetrically
most important gravity flow interval in the study area with
overall sandstone thicknesses above 100 m. Seismic Facies 1

dominantly occurs in the hanging wall of the Kinna Fault and
extends towards the W and NW onto the Marflo Spur and
Flatfisk Slope (Figure 3b). In cross section, SF1 does not show
significant seismic-scale basal truncation and the top usually
corresponds to a semi-continuous trough reflection, but can also
sit within a prominent peak reflector, as in 35/11-6 (Figure 6a;
Table 2). Internal reflectors are of very low frequency with
massive, internally chaotic bedding. Plan-view attribute pat-
terns consist of numerous patchy amplitudes that appear as
amalgamated lobate shapes and reoccurring, ca. 0.5-km-wide
ribbon-shaped dimming that suggest channelized pathways
(Figure 6¢). Neither lobes nor ribbons seem to clearly converge
into a common up-dip feeder point.

7.1.2 | Core-log calibration

Seismic Facies 1 is penetrated by well 35/11-6 (Figure 6). The
well contains ca. 40-m-thick sandstone stratigraphy, character-
ized by a box-shaped low-gamma ray interval, generally high
resistivity and density-neutron log crossover between 3,157
and 3,196 m MD (Figure 6a). This interval is stratigraphically
located within SF1, with its top surface about 10 m above the
presumed shale-sand interface. About 30 m of core calibrate the
low-gamma ray interval as mostly massive fine- to medium-
grained sandstones, separated by thin interbeds of dark grey
claystone and siltstone (Figure 6b/c). Sandstones are generally
massive, have erosive bases with rip-up clasts and occasion-
ally exhibit fining upwards trends. A sharp-based breccia with
irregular mudclasts (3172-3174 m MD) was interpreted as
linked debrite, as described in e.g. Haughton et al. (2003), in-
dicating a relatively central position within the overall gravity-
flow complex. Slightly more proximal wells 35/11-13 and -14S
(Figure 6d/Figure 12a) contain over one hundred meters of
time-equivalent sandstones (Table 2, SF1 cross-section). Well
35/11-15S, located in the immediate hanging wall of the Kinna
Fault (Figure 6d/Figure 12a) contains 195 m of sandstone strata.

7.1.3 | Interpretation

The massive sandstones are interpreted as amalgamated
high-density fractions of erosive gravity flows, whereas
the fining-upward intervals suggest more gradual decrease
in flow energy and subsequent preservation. These cored
deposits are likely deposited from submarine channels in
a bigger, very sand-rich submarine lobe complex that ex-
tends much further towards the W and NW (e.g. well 35/8-
2, Figure 7a). Strata in well 35/11-15S and 35/11-13 have
generally been interpreted, based on core sedimentology,
as amalgamated high-density gravity flows deposited in a
structurally confined channelized lobe system with associ-
ated channel margin and overbank deposits, which partly
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FIGURE 6 Well 35/11-6. (a) Well-log data for the Viking Group comprising gamma ray, resistivity, neutron and density logs. Interpreted
gravity flow deposits marked by transparent orange overlay. Location of cored and logged interval marked by dashed line. (b) Core description
re-drawn from McAndrew (2010) with (c) selected examples of core photos (position colour coded next to sedimentary log). (d) Amplitude map of

Seismic Facies 1 showing the location of 35/11-6 (orange)

cannibalize precursor deposits (Bakke et al., 2013; Zhong
et al., 2020).

We suggest that the patchy depositional architectures
are caused by overlapping, clustered compensational lobes
(Stow & Mayall, 2000) and that the internal ribbon shapes
are caused by intralobe distributary channels and incision of
larger feeder channels (Prélat et al., 2009; Saller et al., 2008).
The overall chaotic appearance of SF1 indicates a sedimen-
tary fairway with a significant component of amalgamation
and cannibalization, where younger feeder channels incise
into older lobes (Saller et al., 2008).

7.2 | Seismic Facies 2. Fault-confined sheets

7.2.1 | Seismic expression

Seismic Facies 2 (SF2) is also part of the first, and volumet-
rically most important gravity flow interval in the study area

(Table 2). Seismic Facies 2 dominantly occurs in narrow,
fault-bound depocenters in the northern Lomre Terrace, S of
the hanging wall depocenter of the Kinna Fault (Figure 3b/
Figure 8d). In cross-section, SF2 usually displays a dis-
tinct wedge-shaped geometry that thickens into the imme-
diate hanging wall of SE-/NW dipping normal faults and
shows internal onlap onto the hanging wall dipslope. The
top of SF2 is typically characterized by a strong continu-
ous trough, whereas internal reflections can vary in phase
and frequency but are overall continuous. Some reflections
show bright lenses, at the limit of seismic resolution, ca.
15 ms (TWT) (ca. 25 m) thick, which are most prominent in
close proximity to the normal fault. In cross-section, as well
as in plan-view, SF2 is generally characterized by distinct
brightening down the dipslope of the 2-6 km wide fault
blocks and highest amplitudes in the immediate hanging
wall. The amplitudes are sheet-like in plan-view with little
internal morphology, although subtle fault-parallel lineation
can sometimes be observed.
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7.2.2 | Core-log calibration

A core from 35/11-9 penetrates a particularly reflective part of
SF2 on the northern Lomre Terrace (Figure 8a—c). The box-
shaped well-log character and core indicate two major sand-
stone intervals between 2,650 and 2,740 m. Both sandstones are
mostly structureless and unbioturbated. Internally, the lower-
most sandstone is characterized by several coarsening- to fining-
upward packages (2,732-2,703 m MD; Figure 8b), whereas the
uppermost interval consists of several sharp-based, fining up-
ward packages (2,692-2,653 m MD; Figure 8b). The mudstone
occurring below and between the sandstone intervals are ca.
4-8 m thick and bioturbated to a varying degree. Some crestal
wells (e.g. 35/11-3S; Figure 7b) contain several thin (ca. 5 m),
low-gamma ray intervals of high and low impedance, compa-
rable to cored gravity-flow deposits observed in adjacent wells.

7.2.3 | Interpretation

The lowermost sandstone packages sharply overlies strongly
bioturbated, dark-grey siltstones, which we infer were

deposited in well-oxygenated, open marine conditions (see
Holgate et al., 2013, 2015). In contrast, overlying mudstones
are only weakly bioturbated, suggesting they were either de-
posited in; (i) a relatively proximal position, in which turbulent,
sediment-rich, brackish-water conditions occurred due to the
frequent input from basin-margin deltas (Ekdale et al., 2012);
or (ii) a relatively distal, deeper-water, poorly oxygenated set-
ting (Ekdale et al., 2012). Due to the mostly massive and struc-
tureless bedding, we infer both sandstones were deposited by
high-density turbidity currents (e.g. Haughton et al., 2009).

The disparity in terms of seismic reflector character between
elevated footwalls and down-thrown hanging walls suggests an
influence of fault-controlled topography on deposition of SF2.
Wells such as 35/11-9 calibrate that these fault-confined, high-
amplitude sheets as areas containing coarse-grained sandstone
strata. We suggest that the ponded depocenters on the rifted
slope have likely captured coarse-grained gravity flow deposits
of SF2 in asymmetric, fault-controlled depressions (Anderson
et al., 2000; Kane et al., 2010). Draping, continuous, high-
amplitude, low-frequency reflections are, however, a prominent
feature of SF2, suggesting hemipelagic deposits as a major
component of this seismic facies.
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re-drawn from McAndrew (2010) with (c) selected examples of core photos (position colour coded next to sedimentary log). (d) Amplitude map of

Seismic Facies 2 showing the location of 35/11-9

7.3 | Seismic Facies 3. Submarine
channel belt

7.3.1 | Seismic expression

Seismic Facies 3 (SF3) is part of the second significant
gravity flow interval in the study area, which contains thin-
ner gravity flow strata than SF1 and SF2 with sandstone
thickness generally <40 m. Seismic Facies 3 stratigraphi-
cally overlies SF1 and SF2. It dominantly occurs in the
southern part of the hanging wall of the Kinna Fault, in the
northern Lomre Terrace and extends onto the southern edge
of the Marflo Spur and Flatfisk slope (Figure 3b). In cross
section, SF3 is characterized by local strong peak responses
at its top and internal heterogeneous stacking of strata is

suggested by prominent phase/amplitude variation of inter-
nal reflections (Table 2). In plan-view, SF3 is defined by
relatively narrow, 0.8—1.6 km wide, ribbon-shaped ampli-
tude anomalies that are sub-parallel in proximal locations
and converge down-dip into sheet-like high-amplitude
areas (Figure 9d). These amplitudes, however, often con-
tain dimmed ribbon-shaped geometries (SF3 plan-view,
Table 2). Overall, SF3 is spatially more confined than SF1
and SF2.

7.3.2 | Core-log calibration

Well 35/11-5 penetrates SF3, showing it corresponds to a
ca. 44-m-thick interval containing several 0.5- to 2-m-thick
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beds, characterized by sharp-based, low-gamma ray and
low acoustic impedance (Table 2). This log expression
is similar to high-density gravity flow deposits cored in
other wells on the Lomre Terrace. Well 35/11-12 is located
in the axis of SF3 and stratigraphically located within a
bow-shaped, low-gamma ray interval (Figure 9a). Core
at the very base of this interval contains thin, massively
graded sandstones (Figure 9b/c), which suggests that the
25-m-thick overlying interval contains significant sand-
rich strata as well.

7.3.3 | Interpretation

The sandstone strata in well 35/11-12 was interpreted to
derive from relatively high-density gravity flows due to the
lack of grading within the sandstone beds. Well log character

(position colour coded next to sedimentary log). (d) Amplitude map of

and mud logging descriptions indicate more sandstone strata
above the cored interval, which suggests that the core captures
the base of >25-m-thick gravity flow deposits. The underlying
mudstone contains thin siltstone beds, which we interpret as
hemipelagic-dominated slope deposits with slightly coarser-
grained layers. Together with the ribbon-dominated plan-view
geomorphology of SF3 we interpret that these deposits rep-
resent a submarine channel belt. Areas of SF3 that show few
ribbon geometries, but dominant sheet-like amplitudes, may
show overbank deposits and transient lobes on the terraced
slope (Stow & Mayall, 2000). The general low sinuosity of
SF3 together with a lack of levee build-up might suggest a
relatively sand-rich systems (Galloway, 1998; McHargue
et al., 2011). Sand-rich gravity flow system commonly pre-
serve low rates of overbank aggradation and thin chan-
nel elements that overfill and splay out rapidly (McHargue
et al., 2011; Posamentier & Kolla, 2003).
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7.4 | Seismic Facies 4. Proximal
submarine canyons
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7.4.1 | Seismic expression

Seismic Facies 4 (SF4) is located on the northernmost Lomre
Terrace and the western Uer Terrace (Figure 3b) and is strati-
graphically younger than SF1, SF2 and SF3. In cross section,
SF4 shows U-shaped, canyon-like incision into underlying
stratigraphy with flanks dipping between 10° and 20°. The
maximum depth of incision occasionally exceeds 200 ms
(TWT) (ca. 336 m; Figure 10a). The canyon internal strata are
characterized by generally parallel, low-amplitude reflections
with onlap onto the basal truncation surface (Figure 10). No

35/12-1

Time-Thickness (s)

slumped geometries above seismic resolution were observed.
The upper part of the infill has a generally low amplitude
with a draping geometry and shows subtle parallel internal
character. In plan-view, SF4 is characterized by valleys that
are 2.5-3-5 km wide and 10-25 km long. Up-dip the canyons
have a dendritic plan-view geometry (Figure 10b).

7.4.2 | Well calibration

No well directly penetrates the proximal canyons. The strong
reflection at the base of the canyon can, however, be traced up-
flank to a well position and ties it to a downward impedance
increase from high-gamma ray mudstone to underlying strata.

GR (gAPI) Al (kPa*s/m)
0 200 O 1

5k

FIGURE 10 Seismic expression of Seismic Facies 4 in cross section and map-view
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Since the canyon fill is not calibrated by well data, no confident
prediction of the lithology can be made. The reflection variation
in phase and amplitude of the lower canyon fill suggests stack-
ing of heterogeneous layers (Figure 10). Their cross-section
form shows broad, shallow, channel-like geometry. However,
these patterns are not persistent along the canyon axis to the
NW. The proximal canyons pass downdip into Seismic Facies 5.

7.4.3 | Interpretation

We have interpreted these valley-like erosion features as
submarine canyons based on the geomorphology, their re-
lationship to other seismic facies and the regional context.
The seismic expression of SF4 correlates well with subma-
rine canyon described on the Mélgy Slope, northward of the
Lomre and Uer Terraces (Jackson et al., 2008, 2019; Sgmme
et al., 2013). The dendritic plan-view expression to the E is
interpreted as relating to the canyon heads in SF4, hence the
terminology of ‘proximal’ submarine canyon. The ampli-
tude variation and canyon fill geometries, albeit being very
discontinuous, imply sedimentary processes other than just
hemipelagic sedimentation. The lower canyon fill could have
derived from aggradational, low-density gravity flows or
slumped canyon flanks, as suggested by other seismic stud-
ies of submarine canyons (e.g. Deptuck et al., 2007; Mayall
et al., 2006). In contrast, the upper transparent canyon fill is
interpreted as dominated by hemipelagic and dilute gravity
flow deposits during the gradual abandonment of canyons as
active sedimentary pathways.

7.5 | Seismic Facies 5. Distal
submarine canyons

7.5.1 | Seismic expression

Seismic Facies 5 (SF5) occurs downdip and in continua-
tion of the proximal submarine canyon (SF4) on the deep-
water fault terraces. However, depth of incision, reflection
character and plan-view geometry show significant dif-
ferences allowing discrimination from their up-dip coun-
terparts. Seismic Facies 4 is defined in cross-section as
high-amplitude peak reflection. The depth of truncation is
less pronounced than SF4 and often below vertical seis-
mic resolution, especially in distal parts of the fairway. On
the Lomre Terrace, channel-like cross-section geometry of
SF5 is less than 50 ms (TWT) (ca. 80 m) deep and flanks
slope at a lower angle (<5°) than SF4 (Table 2). In plan-
view SF5 has a sinuous pattern with an approximate wave-
length of 7-10 km and a sinuosity of typically 1.2—1.3.
The sinuous amplitudes of SF5 are 5-7 km wide and could
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extend more than 40 km down-dip into the North Viking
and Sogn Graben.

7.5.2 | Core-log calibration

Well 35/11-2 intersects SF5 ca. 10 km downstream of its
transition from SF4, which occurs across the Kinna Fault
(Figure 11b/c). Cores through SF5 strata have low-gamma ray
values, which suggests the presence of about 30 m of gravity
flow sandstones (Figure 11a). The gamma ray log character
is bell shaped, suggesting a gradual fining upward trend for
the canyon fill at the well position. The core of 35/11-2 is
only about 3 m long but captures a coarse- to very coarse-
grained 0.5-m-thick, massive sandstone with erosive base
as likely basal stratigraphy of the canyon fill. The massive
sandstone is overlain by three, 0.3-m-thick, erosive-based
fining-upward sandstone beds. These beds have coarse- to
medium-grained sandstones at the base with planar laminated
silt to dark grey mudstone strata at the top.

7.5.3 | Interpretation

We interpret the deposits cored by 35/11-2 as stacked
gravity-flow deposits, which are interbedded with offshore
mudstones. The erosive base and massive bedding of the
lowermost sandstone indicates a high-energy flow. The per-
sistent fining upwards trends of upper sandstones indicate
low-density gravity flow deposits (Haughton et al., 2009).
The low-gamma ray strata above the core are likely sand-
stones with an overall fining upwards trend, as suggested by
gradual increase of the gamma ray values towards the top of
SF5 (Figure 11a).

The regional seismic surface displayed in the ampli-
tude map (Figure 11d) intersects 35/11-2 strata on top of
the overall fining-upward sequence and likely images the
high-amplitude reflection caused by the impedance con-
trast between the mud-dominated upper canyon fill against
the gravity-flow sandstone strata of the lower canyon fill.
Based on the interpretation of the cored sediment and seis-
mic geomorphology, we interpret this seismic facies as distal
submarine canyon (cf. Deptuck et al., 2007). The increased
sinuosity and decreased truncation depth, compared to SF4,
may reflect gentler slope gradients on the terraced slope or
decreased flow energy for SF5. We interpret the lack of seis-
mically resolvable aggradational architectures within SF5,
such as inner levees or channel forms, as an indication for a
bypass dominated canyon. However, relatively thin coarse-
grained, aggradational gravity flow deposits (ca. 20 m) are
possible, as proven by well 35/11-2 (SF5 cross section,
Table 2).



1860 WI LEY— Basin A EAGE TILLMANS ET AL.
Research =
(@) 35/11-2 (b) & MD (m) MD (m)
‘E Sedimentary 4\@0 o | -
:FZ % '\:‘D 6.0 ca::’! e 16.0 0.2 5’!?!5: 200.0 1.95 DEE:‘M 295 SS;VD Synthetic I::l sivf f 'm' ¢ vee IQ’Q QQ‘
] GR RMED NEU - 3040.0 - N Core Photos
@ 00  gAPI 1500 0.2 ohm.m 2000 045 m3/m3 0,15 1 = 35/11-2
: 4 1.
£ N A
5 2900 ; % 1 TN
) =] =
2 . = Zoom-in to Kimmeridgian
——_ = Unconformity
30405-F o T s 5
£ 11 B
i
© |
g
H | = »
a L] =
i1 :
v S
o % 30410 T §
o £
3 | oo [ __ . g
<5 FESIECESSSRas = H
14 a
a %
E
IIIIII 3042.0 =
£
g 3200 1
]
2
30425 H
2
S
3300 1
3043.0
Lithology
Sandstone
FrerbertFm,
= . Clay/Siltstone
ﬁ 3413 ] Eimentary Structure
== Low-angle cross-bed
— Planar laminated
7 Convoluted bed
Fossil
< &~ Shell Fragments
FIGURE 11 Well 35/11-12. (a) Well-log data for the Viking Group comprising gamma ray, resistivity, neutron and density logs. Interpreted

gravity flow deposits marked by transparent orange overlay. Location of cored and logged interval marked by dashed line. (b) Core description

re-drawn from McAndrew (2010) with (c) selected examples of core photos (position colour coded next on sedimentary log). (d) Amplitude map of

Seismic Facies 5 showing the location of 35/11-2

7.6 | Seismic Facies 6. Background deposits

7.6.1 | Seismic expression

Seismic Facies 6 (SF6) is volumetrically the most impor-
tant seismic facies in the study area (Table 2). It is depos-
ited across the entire study area, contemporaneous with all
other seismic facies. In cross section, SF6 is characterized by
mostly parallel to divergent continuous reflections of varying
frequency and amplitude (Table 2).

7.6.2 | Core-log calibration

The impedance within SA6 is generally low to moderate
and gamma ray readings moderate to very high. Cores from
exploration wells are generally biased towards sandstone

strata, which means that there are no dedicated cores for SF6.
However, mudstone strata that is intercalated in, or bounding
the base of sandstone strata in all of the previously mentioned
cores (Figures 6-11), can be used as calibration for the mud-
dominated lithology of SF6.

7.6.3 | Interpretation

SF6 correlates with the Draupne and Heather Formation
mudstone, which are the background strata in which the grav-
ity flow deposits of SF1-SF5 are embedded in. The parallel
bedding and mud-dominated lithology suggests low-energy
environments where mud particles can settle and fall out
from the water column. The dominant depositional processes
for SA6 are likely unconfined, very dilute gravity flows and
suspension settling (e.g. Stow & Mayall, 2000).
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8 | SEISMIC SYN-RIFT UNITS

In this section we describe sediment thickness distribution
(Figures 13a—17a) and attribute maps (Figures 13b—17b) of
the five seismic units in order to analyse the Late Jurassic
syn-rift deep-water sediment routing systems. Interpretations
in eroded areas such as the Ryggsteinen Ridge have been ‘in-
terpolated’ from surrounding stratigraphic remnants, where
preserved. Simplified palacogeographical reconstructions are
summarized for each unit in Figure 18.

8.1 | Seismic Unit 1: (Bathonian-late
Callovian; ?J32-J46)

Seismic Unit 1 (SUI) is bound by Horizons 1 and 2, is
Bathonian—late Callovian in age and dominated by back-
ground slope deposits (SF6). It shows strong lateral variation
in time thickness (Figure 13a). Overall, SU1 thickens towards
the N/NW and generally ranges from 0.1 to 0.2 s (TWT),
and locally up to 0.3 s (TWT) in some N- to NE-trending,
fault-bounded hanging wall depocenters on the northern
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1&2). The Ryggsteinen Ridge and Malgy Slope are strongly
eroded by younger composite unconformities (Jackson
et al.,, 2008), which makes palaeogeographical reconstruc-
tions challenging.

Seismic Unit 1 is dominated by SF6 and lacks clear
geomorphological elements (Figure 13b). Wells from the
Lomre Terrace penetrating this interval consistently contain
mudstone strata with only a minority of wells encountering
coarse-grained sediments on the terraces within SU1 (35/11-
11 and 35/11-1, Figure 13). Vertical smearing of the high
amplitudes from sandstones in younger, overlying seismic
units causes the high-amplitude events around wells 35/11-9
(Figure 13b). Sandstone-rich gravity-flow deposits proven in
wells 35/11-1 and 35/11-11 on the NE Lomre Terrace and
the southern Ryggsteinen Ridge do not have a distinct seis-
mic geomorphological signature in contrast to the surround-
ing mudstone strata. Wells 35/11-4, -10, -7 in the E Lomre
Terrace and 35/12-1, -3S on the NW Uer Terrace contain
thick Krossfjord and Fensfjord Formation sequences. The
proximity of the Uer Terrace to the basin margin and the
Horda Platform, together with the high thickness values, sug-
gests that the deposits represent the northern extension of the
deltaic sequences dominating the Horda Platform. Although
sand rich, these deltas were never able to supply substantial
amounts of sand to the slope during the Bajocian—Callovian.

8.2 | Seismic Unit 2 (early Oxfordian-mid
Oxfordian; J46-J54)

This unit is bound by Horizons 2 and 3, and is of early
Oxfordian to mid Oxfordian age. Incisions associated
with overlying SF4 and SF5 canyons in the footwall of
the Kinna Fault (Ryggsteinen Ridge) and the terraces lo-
cally removed some SU2 stratigraphy. Maximum thickness
reaches 0.2 s (TWT) in the hanging wall of the N-S-striking
Kinna Fault and northern Lomre Terrace (Figure 14a) and
overall, strata thin westward to time-thickness of <0.06 s
(TWT) on the Flatfisk Slope, where SU2 has a relatively
uniform thickness.

The NE-trending depocenters in SUI on the Lomre
Terrace continue to show across-fault thickness variations in
SU2, especially along Fault 1, and the northern parts of faults
2 and 3 (Figure 14a).

Thickening towards the Kinna Fault suggests that it be-
came active during the early to mid Oxfordian time and that
previously active NE-SW-striking faults remained active
from the Callovian until the mid Oxfordian. Remnants of
early-to-mid Oxfordian sediments on the Ryggsteinen Ridge
are proven by wells 35/11-1 and -218, as well as in 35/9-8, -7
and -10S (Koch et al., 2017). This suggests that, even though
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the Kinna Fault was active, the Ryggsteinen Ridge was not
emergent at this time and that deposition occurred in both its
footwall and hanging wall.

The frequency decomposition blend for SU2 is higher
amplitude overall compared to SUI (Figure 14b). High
amplitudes in all frequency bands are observable on the
Lomre Terrace (e.g. in Fault 3 hanging wall), the western
part of the Kinna Fault hanging wall and on the Flatfisk
Slope. These areas can be linked to thin (<20 m) gravity
flow sandstones in wells 35/11-38S, -12, 18A (Figure 12b),
35/11-6, -20S (Figure 12a) and 35/8-2, -6S (Figure 12c).
The correlation between westward thinning and bright-
ening of SU2 could be caused by tuning. The deposi-
tional thick area in the immediate hanging wall of Kinna
Fault and Fault 1 shows a low-amplitude character, even
though wells in this area penetrate turbidite sandstone
in wells 35/11-13, -16 ST2 or -15S (Figure 12a) (Bakke
et al., 2013). Gravity flow sandstones in the northernmost
Kinna Fault hanging wall wells 35/8-4 and -3 (Ravnas
et al., 2000) are also located in an area of very low ampli-
tude, however, channelization and amalgamated, patchy to
lobate shapes of Seismic Facies 1 (Channelized Lobes) can
be defined (Figure 14c). Channel geometries are 0.5—1 km
wide and have moderate sinuosity, whereas lobes range
in width from 1 to 5 km (Figure 14c). The well 35/11-
13 and surrounding wells penetrate >100 m of sand-rich
gravity flow deposits, calibrating the lithology for the ob-
served lobes and channels (Figure 12a/Figure 14c) (Bakke
et al., 2013).

High amplitudes in the hanging walls of E-dipping faults
2 and 3 on the Lomre Terrace comprise fault-confined tur-
bidite sheets (SF2). Wells on the footwall of E-dipping of
Faults 2 and 3 (Figure 12b) show thin layers of gravity-flow
sandstone, suggesting potentially thicker deposits in adjacent
hanging wall growth wedges. The Flatfisk Slope contains 1—
1.5 km wide gravity flow channels (SF3) with higher am-
plitudes compared to those on the Lomre Terrace but with
dimmed amplitudes in the westernmost part of the study area
leading into the North Viking Graben. The channels are dom-
inantly fault transverse, except in the NW most area, where
an intra-basin high deflects the channels into a northerly ori-
entation (IBH 1, Figure 14). We hypothesize that the change
from the SF4 channelized lobe complex in the hanging wall
of the Kinna Fault to low sinuosity channels on the down-
dip Flatfisk Slope could indicate an increased palacoslope on
the Flatfisk Slope. However, without direct age constraints
by well data on the Flatfisk Slope, the exact age of these fea-
tures is uncertain. In the eastern part of the study area, in-
cluding Uer Terrace, Ryggsteinen Ridge and Malgy Slope,
wells consistently report early-to-mid Oxfordian gravity flow
deposits (Koch et al., 2017), but severe younger erosion of
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this area precludes detailed interpretation of SU2 seismic
geomorphology.

Thickness maps and seismic geomorphology variations
do not converge into common updip entry points, suggest-
ing a line-source slope setting in SU2. The key driver for
the vast supply of shelf-derived sediments to the deep-
water terraces may have been at least two periods of rela-
tive sea-level fall in the early and mid Oxfordian (3-series,
Dreyer et al., 2005; Patruno et al., 2015). For example,
time-equivalent stratigraphy on the Horda Platform records
a shift from fully marine to brackish conditions, marked
progradational facies and seismically resolvable incision
(up to 40 m deep) in the mid-early Oxfordian (Dreyer
et al., 2005). A second major regression is also proposed
for the mid Oxfordian, depicted by a significant basinward
shift of facies in cores and marked incision on the Horda
Platform (Dreyer et al., 2005).

8.3 | Seismic Unit 3 (late Oxfordian—early
Kimmeridgian; J54-J62)

Seismic Unit 3 is bounded by Horizons 3 and 4 and is thinner
than SU2 (typically <0.08 s TWT or ca. 130 m), and in many
parts of the study area close to tuning thickness. Furthermore,
it is severely affected by younger erosion, particularly in the
E of the study area, complicating reconstruction of its palaeo-
geography. The main depocenters of SU3 are on the northern
Lomre Terrace, and in particular the hanging walls of Faults
1-3 (Figures 12a/b and 15a). Faults 1 and 2 bound a depo-
center with the greatest thickness for this unit. A distinct,
fault-bound depocenter also occurs in the hanging wall of
Fault 3, whereas the northernmost ca. 5 km of Fault 1 show
isochronous strata in its footwall and hanging wall suggest-
ing the N tip of Fault 1 was blind. The Kinna Fault hanging
wall exhibits thickness variations between 0.06 and 0.08 s
(TWT) (ca. 100-130 m) and suffers incision from overlying,
younger submarine canyons, which have removed most of
the late Oxfordian—early Kimmeridgian (Figures 12a/c and
15a). This makes it difficult to identify growth strata along
the Kinna Fault hanging wall, however, preserved deposits
in the central Kinna Fault hanging wall do not show distinct
thickening towards the fault, suggesting limited fault activity
during SU3.

The overall amplitude character of SU3 is comparable to
SU2, but areas with bright responses in all frequency bands
are less extensive (Figure 15b). High-amplitude areas that
well data prove contain gravity flow sandstone (e.g. 35/11-12,
-5, -18A) and Submarine Channel Belt seismic facies (SF3)
are more confined compared to SU2 and occur only on the
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northern Lomre Terrace and the southern Kinna Fault hang-
ing wall. Well 35/11-20S is located within a dimmed distrib-
utary channel and does not contain coarse-grained sediment
within this interval (Figures 12a and 15b). In contrast, wells
within high-amplitude anomalies surrounding the dimmed
channel (e.g. 35/11-6) contain coarse-grained gravity flow
deposits (cf. Figure 12a/c). This correlation suggests that
dimmed channels in SU3 are likely mudstone-filled, whereas
high-amplitude channels and sheets likely contain sandstone-
dominated deposits. The northern Kinna Fault hanging wall
is again relatively low amplitude, as in SU2, but wells pene-
trating SU3 contain mudstones.

On the central Lomre Terrace numerous 0.5-1 km wide
SF3 distributary channels occur within the fault-bound iso-
chron thick and fan out into sheet-like amplitudes in the
immediate hanging wall of E-dipping Fault 2 (Figure 15b).
Channels located at the northern tip of Fault 2 do not show
signs of significant deflection due to fault topography and
extend north-westward across the northern hanging wall of
Fault 3 and into its footwall. In contrast, further S in the cen-
tre of Fault 2, high amplitudes terminate sharply against the
fault and its footwall is dimmed (Figure 15b). Well 35/11-3S
in the immediate footwall of Fault 2 (Figure 12b) confirms
the absence of coarse-grained deposits.

The shift of the main depocenters from the immediate
hangingwall of the Kinna Fault (SU2; Figure 14a) to the
northern Lomre Terrace and hanging wall of Fault 2 with
pronounced eastward thinning (SU3; Figure 15a) indicates
compensational stacking of depocenters during SU3. We
further suggest that the deep-water sedimentary systems
of SU3 show stronger fault control than in SU2. As ex-
emplified by central and SW parts of Fault 2, fault-related
topography is sufficient to potentially block gravity flows
(Figure 15b). Areas towards fault tips potentially allow
for gravity flow systems to cross faults topography, as ex-
emplified by NE parts of Fault 2 (Figure 15b). The NW-
SE oriented submarine channel belt (SF3) in SU3 seems
to converge into the relay zone between Kinna and Troll
Fault, where previous palaecogeographical interpretations
have proposed a prograding subaerial delta front extending
out from the northern Horda Platform (Dreyer et al., 2005;
Patruno et al., 2015). Seismic Unit 3 is the time of maxi-
mum progradation of the Sognefjord delta (approx. Top 5
series, Dreyer et al., 2005; Stewart et al., 1995). This nar-
rowing between shelf break and delta plain parallels char-
acteristics of shelf-edge deltas (Galloway, 1998; Muto &
Steel, 2002), or at least it provided an abundance of coarse-
grained gravity flows derived from river plumes to the ter-
races in SU3 (Hizzett et al., 2018; Piper & Normark, 2009;
Plink-Bjorklund & Steel, 2004).
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8.4 | Seismic Unit 4 (early Kimmeridgian—
latest Kimmeridgian; J62-J64)

Seismic Unit 4 is bounded below by Horizon 4 and above by
Horizon 5. Horizon 4 is characterized by major SF4-related
canyon incision to the E of the Kinna Fault that deeply erodes
into the previous syn-rift seismic units along the canyon axis
(Figure 16). West of the Kinna Fault, the down-flow con-
tinuation of the deeply incised canyons are more subtle,
with limited incision associated with distal submarine can-
yon seismic facies (SF5) (Figure 16). Previous work on the
Malgy Slope has suggested canyon incision to be initiated in
the early Kimmeridgian times (Jackson et al., 2008; Reeve
et al., 2015).

SU4 is absent in the two available wells on the Uer
Terrace (35/12-1, -3S). Seismic mapping did not show a
significant increase in thickness away from the well posi-
tion, which suggests that SU4 thickness E of the canyons
is below seismic resolution and the area characterized by
non-deposition during SU4 times. Figure 16a, thus, shows
a composite thickness map E and W of the Kinna Fault.
The Uer Terrace shows three NE-SW-trending, ca. 5- to
10-km-wide dendritic canyon heads (Canyon 1, 2 and 3;
Figure 16) that consist of five, 2- to 3-km-wide tributaries.
Two tributaries merge into Canyon 1 at the southern tip of
the Kinna Fault and pass into distal submarine canyon seis-
mic facies (SF5) on the Lomre Terrace. To the N of Canyon
1, on the Uer Terrace, three tributaries merge into Canyon
2 that crosses the Ryggsteinen Ridge in a NW direction
and passes into distal canyon seismic facies on the northern
hanging wall of the Kinna Fault (Figure 16). Canyon 3 is
located on the Malgy Slope, N of the Canyon 2. Canyon
axis incision shows almost complete removal of under-
lying Late Jurassic deposits in more proximal locations
(Figure 16a). Due to the lack of well penetrations within
the canyons, the presence of SU4 deposits in the proximal
canyons cannot be proven. In the distal parts of the canyons
W of the Kinna Fault, subtle thickness variations within
the canyons are mappable (Figure 16a), however, the exact
onlap location of SU4 strata onto the proximal canyon base
cannot be clearly mapped across the Kinna Fault.

In the hanging wall of the Kinna Fault, thicknesses are
typically below 0.08 s TWT (Figure 16). Prominent features
are two NE-SW- to NNE-SSW-trending thins that are the
down-dip continuations of the proximal submarine canyons
in the footwall of the Kinna Fault (Figure 16a). The depth
of canyon incision on the Lomre Terrace and hanging wall
of the Kinna Fault is significantly lower and usually <0.05 s
(TWT), compared to canyon incisions depth often exceeding
>0.2 s (TWT) in the footwall of the Kinna Fault (cf. SF4
and SF5; Table 2). This suggests that the distal courses of
Canyon 1 and 2 W of the Kinna Fault have been more prone
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to sediment bypass during SU4 times and gravity flows less
erosive than in proximal canyon locations. Areas outside
of the canyons on Lomre Terrace and hanging wall of the
Kinna Fault are between 0.03 and 0.08 s (TWT) thick and
mud-dominated (Figure 16a). We suggest that they represent
overbank deposits derived from unconfined low-density tur-
bidity currents or hemipelagic fallout in areas not affected by
canyon erosion or gravity flow bypass. Most of the aggrada-
tion within the canyons happened during SU5 by mud-prone
backfill (Figure 10).

Up-dip areas in SU4, E of the Kinna Fault show a rela-
tively uniform low frequency dominated response within, as
well as outside of the canyons (Figure 16b). Areas N of the
confluence of Canyon 2 tributaries between well 35/12-5S
and 35/9-10S show channel-like features with a broadly SSE-
NNW orientation. Some wells in the footwall of the Kinna
Fault (35/9-7, -8; Figure 16b) are located to the N outside the
axis of Canyon 2 and prove thin Kimmeridgian gravity flow
deposits. These could have derived from Canyon 2, either by
overbank deposition, or due to canyon deflection as response
to uplift and backtilting on the immediate footwall of the
Kinna Fault and associated abandonment of distal parts of
Canyon 2 in the hanging wall of the Kinna Fault (Figure 16¢).

West of the Kinna Fault, on the Lomre Terrace, the
Flatfisk Slope and the hanging wall of the Kinna Fault,
amplitudes are highly dimmed in all frequency bands out-
side of the canyon pathways (Figure 16b). Higher ampli-
tudes in the canyon are dominantly within low frequencies
and appear in reddish colours. Exceptions are the intra-
basinal elevations (IBH1 and 2) and within Canyon 1 on
the northern Lomre Terrace, which have a high ampli-
tude in all frequency bands (Figure 16b). Wells near the
amplitude anomalies within Canyon 1 (e.g. 35/11-2, -13;
Figures 12 and 16b) confirm thin gravity flow sandstones,
whereas wells outside of the bright amplitude are domi-
nated by high-gamma ray mudstone. Canyon 2 extends into
the hanging wall of the Kinna Fault and lacks the bright
amplitude anomaly of Canyon 1, but the exchroma CMY
blend (Figure 16c) reveals internal sinuous geomorphol-
ogy within the canyon. Canyons 1 and 2 extend for more
than 30 km to the NW down the Flatfisk Slope towards the
North Viking Graben.

8.5 | Seismic Unit 5 (early Tithonian-late
Tithonian; J64-]J74)

Seismic Unit 5 is bound by Horizons 5 and 6. The time-
thickness map is relatively isochronous over large parts of
the study area. Larger, 0.2-0.3 s TWT thick, coalesced syn-
tectonic depocenters are identified along the hanging wall
of the Kinna Fault, its relay to the Troll Fault, and in the
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FIGURE 16 Seismic expression of SU4 (ca. early Kimmeridgian—late Kimmeridgian). (a) W of Kinna Fault: time-thickness map (Horizons 4-5)
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FIGURE 17 Seismic expression of SUS (ca. early Tithonian-early Berriasian). (a) Time-thickness (Horizons 5-6) map with variance overlay.
(b) Frequency decomposition RGB blend with Variance overlay, red colour channel is 20 Hz, green colour channel is 30 Hz and blue colour

channel is 40 Hz. Wells colour coded into simplified facies association interpretations

or condensed strata on the footwall, indicating that the
Ryggsteinen Ridge was a major intra-basinal elevation dur-

hanging walls of intra-basin high 2 (IBH2) (Figure 17a).
ing this time. Seismic Unit 5 on the Uer Terrace thickens

The Kinna Fault shows thinning to complete absence of
SUS in its footwall. This suggests crestal degradation and/
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towards the Vette Fault and is also thick within Canyon 2
(>0.3 s TWT, >500 m).

The frequency decomposition RGB blend (Figure 17b)
extracted below Horizon 6 overall shows the SF6 seismic
geomorphologic character within SUS. Some areas located
above SU4 canyons appear as high-amplitude areas which
mimic the canyon shape. This expression was interpreted
to be largely caused by vertical smearing of the high-
amplitude reflection of SU5 mudstone drape against the
canyon base and potential gravity flow deposit fills. None
of the wells penetrate coarse-grained deep-water deposits
on the terraces. The uplifted eastern parts of the Horda
Platform and the Ryggsteinen Ridge have been inter-
preted to have been footwall islands fringed by shoreface
sands during a pronounced Tithonian sea-level lowstand
(Fraser et al., 2003; Roberts et al., 2019). Coarse-grained
sediment supply from the regional hinterland catchment
ceased during SUS as the Late Jurassic rift entered a
phase of thermal cooling and a gradual rise of the relative
sea level occurred throughout the late Tithonian (Fraser
et al., 2003; Jackson et al., 2008).

9 | SYNTHESIS OF TECTONO-
SEDIMENTARY EVOLUTION

We focus on the major gravity flow fairways in SU2,
SU3 and SU4, which are interpreted to be sourced from
rift-hinterland drainage systems during the Oxfordian
to Kimmeridgian. The regressive periods (cf. Figure 2,
‘Relative sea-level’ and ‘Shoreline position’) are sepa-
rated by maximum flooding surfaces, as constrained by
Partington, et al. (1993). The Horda Platform as up-dip
staging area for the gravity flow fairways is considered
to be relatively stable until SU4 times, which suggests
that the deposition of associated shallow marine wedges
is mostly supply driven (e.g. Dreyer et al., 2005). The in-
creased fault activity on the Kinna Fault during SU4 is con-
temporaneous with basin-wide strain localization and the
highest Late Jurassic extension rates (Ferseth et al., 1997,
Partington, Mitchener, et al., 1993; Ravnas et al., 2000;
Stewart et al., 1995). The northern Horda Platform shows
first signs of rotation and drainage reversal on the large
6- to 15-km-wide, E-dipping fault blocks during SU4 time,
with dip-slope fans overlying the late Oxfordian prograd-
ing sequences (Dreyer et al., 2005; Whipp et al., 2014).
Canyons 1, 2 and 3 are part of a regional unconform-
ity complex with canyon features extending for more
than 150 km along the basin margin to the N, which has
been inferred to be caused by basinward tilting of the rift
margin due to increased subsidence in the rift axis areas
(Jackson et al., 2008, 2019; Koch et al., 2017; Sgmme &

Jackson, 2013; Sgmme et al., 2013), which is likely am-
plified by high seasonal runoff rates during the humid
Kimmeridgian climate (Armstrong et al., 2016). The fol-
lowing subsections will summarize generic observations
from the Late Jurassic submarine gravity flow deposits on
the Lomre and Uer terraces, with focus on sediment rout-
ing and depositional architecture throughout the rift phase.

9.1 | Normal faulting and sediment routing
The structural framework of the terraces evolved from
distributed faulting in the early syn-rift phase (SU1-SU3;
Bathonian-late Oxfordian) to localized faulting on fewer
large normal faults in the later syn-rift phase (SU4-SUS;
early Kimmeridgian—late Tithonian). The progressive lo-
calization of strain onto the Kinna Fault, Fault 1 and Fault 3
results in larger, amalgamated depocenters with decreasing
internal segmentation and more pronounced across fault
topography. Mirroring the structural evolution, the grav-
ity flow systems became increasingly confined, suggest-
ing increasing fault topography focused the depositional
systems through relay zones between fault segments. The
gravity flow systems are dominantly oriented rift trans-
verse, largely orthogonal to the fault strike, and follow the
regional gradient towards the NW into the rift axis graben
(Figure 3, NVG).

Seismic Unit 2 is deposited during ca. 3.5 Myr and is
characterized by the most widespread gravity flow depo-
sition (Figures 14 and 18b). Most of the normal faults
appear active during SU2 and show syn-kinematic strata
in their hanging walls. During SU3 (ca. 2-2 Myr.) normal
faulting became more localized onto fewer structures (e.g.
Faults 1-3 and the Kinna Fault; Figure 15a) and the gravity
flow fairway becomes more confined into a narrow cor-
ridor on the N Lomre Terrace and S hanging wall of the
Kinna Fault, which contains larger, aggradational subma-
rine channels (Figures 15¢ and 18c). In SU4, which spans 4
Myr, the trend of confinement continues with the formation
of submarine canyon systems. Normal faulting is localized
on the Kinna Fault and Fault 3 with few other faults ac-
tive (Figure 16a/Figure 18d). The seismic geomorphology
(Figure 16b/Figure 18d) suggests fault-related topography
was sufficient to deflect some of the canyon systems (e.g.
Canyons 2 and 3), leading to abandonment of the previous
canyon routing across the hanging wall of the Kinna Fault
and re-direction onto the Ryggsteinen Ridge (Figure 16b).
In contrast, Canyon 1 is located within a relay zone and
shows no significant deflection. Figure 18d depicts both
sub-periods in SU4, an initial period where Canyon 2 ex-
tends across the Kinna Fault, and a later period when grav-
ity flows were deflected northward.
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9.2 | Gravity flow depositional architecture

Within each of the seismic units, we interpreted a range
of depositional architectures and local interactions between

normal faults and gravity flow lobes or channels. In the first
seismic sequence with significant syn-rift gravity flow de-
posit (SU2), the depositional architecture is characterized
by patchy lobes within a large channelized lobe complex
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(Figure 18b). Thickest deposits are located in the immediate
hanging wall of the Kinna Fault (Figure 14b/Figure 18b).
The channelized lobe complex is sand rich, mostly amal-
gamated and relatively massive (>100 m thick). Transport
further downdip is suggested by incision of younger chan-
nels into the lobe complex. Further S, in westward rotated
half-graben bound by Faults 2 and 3, ponding of gravity
flows is interpreted at fault-segment centres for SU2 and
SU3 (Figure 18b/c). In both seismic units, gravity flow
depositional systems do not appear to have been com-
pletely blocked by fault topography, but ‘partially ponded’
(cf. Shultz & Hubbard, 2005) in their hanging wall. As
such, we do not envision a fill-and-spill scenario (Prather
et al., 1998) for partially ponded gravity flows, but rather
unconfined turbidity currents overriding faulted topog-
raphy and being stripped off their basal, coarse-grained
sediment load by emerging at-seafloor structures. In SU4,
canyon formation is the dominant depositional style in the
study area (Figure 18d). Associated, relatively thin gravity
flow deposits are found next to or within the submarine
canyons, which indicates that coarse-grained gravity flows
were routed through these canyons. However, the overall
small amounts of SU4 sandstone within the study area do
not allow for a definition of seismically resolvable deposi-
tional architectures. Larger depositional lobes containing
coarse-grained gravity flow deposits at more distal canyon
locations in the rift axis cannot be ruled out.

10 | DISCUSSION -
IMPLICATIONS FOR
SEDIMENTATION IN DEEP-WATER
RIFT BASINS

In the following section, we use the results from our analy-
sis of the tectono-sedimentology of the Late Jurassic on the
Lomre and Uer Terraces to discuss: (i) hinterland versus local
footwall sediment sources for deep-water rift systems, (ii)
deep-water sediment routing across down-stepping fault ter-
races and (iii) influence of fault geometry and evolution on
deep-water gravity flow deposits.

10.1 | Hinterland versus local footwall
sources for deep-water rift systems

Some syn-rift tectono-sedimentary models propose that sedi-
ment supply to deep-water sinks is predominantly locally
derived from uplifted intra-basin footwall topography, either
from the steep footwall scarp or down the gentler hanging
wall dipslope (e.g. Gawthorpe & Leeder, 2000). However,
several studies of active rift basins have suggested that major
hinterland-sourced sediment routing systems are important

for the development of gravity flows in rifts. Examples of
hinterland drainage sourcing major syn-rift gravity flow
depositional systems include the Gulf of Suez (e.g. Pivnik
et al., 2003), the Gulf of Corinth (Cullen et al., 2019; Ford
et al., 2017; Gawthorpe et al., 2018; Muravchik et al., 2019)
and the East African Rift System (Scholz et al., 1990; Zhang
& Scholz, 2015; Zhang et al., 2014). Our observations from
the eastern flank of the Northern Viking Graben further high-
light the importance of major hinterland drainage as sources
for volumetrically significant syn-rift gravity flow systems.
Furthermore, we did not observe any intra-basin footwall
sediment sources that significantly contributed to the syn-rift
gravity flow fairway.

10.2 | Deep-water sediment routing across
down-stepping fault terraces

Axial systems that transport sediments along strike of indi-
vidual rift basins are often invoked as key driver for sedi-
ment routing in the distal locations of deep-water rift basins
(Gawthorpe & Leeder, 2000; McArthur et al., 2016; Ravnas
& Steel, 1998). Relay ramps are further recognized as im-
portant conduits linking individual deep-water depocenters
(Athmer et al., 2010; Ravnas & Steel, 1998). These geom-
etries accurately capture rift physiography within major rift
segments characterized by large normal faults and crustal-
scale tilted fault-blocks. However, the results of this study
suggest that in areas of distributed normal faulting, charac-
terized by closely spaced fault terraces, deep-water sediment
routing is different. The dominating sediment transport di-
rection of the depositional fairways in SU2-SU4 is overall
fault transverse, overriding the NE-SW fault strike, and fol-
lowing the overall regional north-western slope off the Horda
Platform and into the North Viking Graben. Exceptions to
transverse sediment routing are Canyons 2 and 3 in SU4,
where the Ryggsteinen Ridge evolved as major intra-basinal
high. The canyons are forced into a fault-parallel direc-
tion in the later stages of SU4 due to growth of the Kinna
Fault and uplift and back-tilting of the Ryggsteinen Ridge
(Figures 18d and 19b). In contrast, Canyon 1 in the relay
zone between Troll and Kinna Fault maintains its fault trans-
verse course (Figure 19b, B).

From SUT to the early stages of SU4 the rift-induced strain
is accommodated by a distributed array of small faults that,
individually, produced only minor modifications to the re-
gional slope from rift margin platform to rift axis basin floor.
Thus, it is the regional slope gradient that is the dominant
control on routing of deep-water depositional systems rather
than the local fault-block topography associated with tilting
and crestal uplift. Furthermore, the local fault-related topog-
raphy on the terraces did not cause sustainable fault parallel
diversion on the sedimentary fairway scale.
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The general trend of strain localization and coalescence
of individual depocenters into large, linked sub-basins
throughout the rift phase is common for most rifts (Cowie
et al., 2000; Gawthorpe & Leeder, 2000). Concomitant with
increasing localization of faulting and topography generation
is a trend of increasing confinement of the deep-water dep-
ositional systems. This is illustrated by the gravity flow sys-
tems evolving from a line-sourced channelized lobe complex
with limited impact on sediment routing in SU2 (Figure 18b),
to channelized gravity flow deposits in SU3 (Figure 18c) and
confined submarine canyons in SU4 (Figure 18d). This sug-
gests that the degree of strain localization is important in con-
trolling deep-water sediment routing pathways across active
rift topography, even in areas of closely spaced fault terraces.

In major rift segments characterized by crustal-scale half-
graben (e.g. Gawthorpe & Leeder, 2000; Henstra et al., 2016;
Muravchik et al., 2018; Prosser, 1993), fault-controlled topogra-
phy will increasingly isolate across fault individual depocenters
and lead to less connection from rift margin to rift axis. Gravity
flow deposits likely deposit in short transverse fairways, or flow
axially, parallel to fault strike as fault linkage leads to subsid-
ence of along strike hanging wall transverse highs (Gawthorpe
& Leeder, 2000; McArthur et al., 2016; Ravnas & Steel, 1998).
Deposits from these axial systems are considered as more ma-
ture because of their distance of transport compared to trans-
verse systems locally derived from degradation of uplifted
footwall crests (e.g. Athmer & Luthi, 2011; Henstra et al., 2016;
McArthur et al., 2016; Ravnas & Steel, 1998).

In areas of closely spaced faulted terraces, such as in this
study, transverse gravity flow systems in areas of distributed
strain, follow a routing pathway that is primarily controlled
by the regional gradient as opposed to the local fault trend
(Figure 18b—d). The depositional systems extend across a large
number of fault terraces over a distance of tens of kilometres
from shelf edge to rift axis (cf. Figures 14-16). As a result, these
deep-water gravity flow systems have long transport pathways
that contain mature deep-water deposits in their distal sinks.
Parts of these systems may become dominantly axial due to pro-
gressive strain localization during later stages of rifting, as exem-
plified by Canyon 2 (Figure 18d), and share more of an analogy
with existing deep-water syn-rift models (e.g. Gawthorpe &
Leeder, 2000; Prosser, 1993; Ravnas & Steel, 1998).

10.3 | Local normal fault control on fault
transverse deep-water depositional patterns

We have previously discussed the large-scale sediment rout-
ing from the basin margin sources to the deep-water rift axis
sinks. In this section, we focus on the local impact of nor-
mal faulting on gravity flow depositional architecture. Basin
floor ‘rugosity’ or changes in bathymetric gradient (Kneller
et al., 1999; Posamentier & Kolla, 2003) controlling gravity

flow depositional systems is well documented from non-rift
settings (e.g. Clark & Cartwright, 2009; Deptuck et al., 2007;
Mayall et al., 2006; McHargue et al., 2011). Comparable
structural-gravity flow relationships are less well documented
from rifts, with some exceptions (e.g. Adeogba et al., 2005;
Cullen et al., 2019; Jackson et al., 2011; Kane et al., 2010).

Normal faults can be oriented parallel, orthogonal and
oblique relative to the gravity flow direction. The end-
member types with maximum fault interaction are where the
gravity flows are oriented orthogonally to fault strike, and
can either flow towards an up-slope dipping normal fault (an-
tithetic relationship; Figure 19a, C1), or flow across the foot-
wall of down-slope dipping normal faults to spill over into the
hanging wall (synthetic relationship, Figure 19a, C2). Axial
gravity flow systems, with flow direction parallel to the fault
strike, are rare in our study.

Examples of the antithetic fault-gravity flow rela-
tionship are provided by Faults 2 and 3 in SU2 and SU3,
which show topographic ponding of gravity flows in their
half-graben (Figure 14b/Figure 15b). However, these ex-
amples do not suggest a complete blocking (sensu Clark &
Cartwright, 2009) of deep-water systems. Contemporaneous
gravity flow deposits are present in both hanging wall and
footwall, suggesting sediment transport across the fault with-
out significant deflection or diversion. This relationships
suggest flow-stripping and partial ponding of the basal frac-
tions of the gravity flow currents by ‘antithetic’ fault topog-
raphy (cf. Shultz & Hubbard, 2005) is more likely, rather
than a complete blocking and ponding of gravity flows in a
fill-and-spill type evolution (sensu Prather et al., 1998). The
diluted, lower-density fractions of the turbidity current can
exhibit flow-thicknesses of more than 100 m (cf. Ge, Nemec,
Gawthorpe, & Hansen, 2017; Ge, Nemec, Gawthorpe,
Rotevatn, et al., 2017; Howlett et al., 2019), which sug-
gests that at sea floor topography of several meters to 10s
of meters will mostly affect the sand-laden basal parts of the
current. This scenario is most dominant in early rift stages
(Figure 19a), where normal fault networks show distributed
strain and relatively small displacement on individual faults.

Examples of the synthetic fault-gravity flow relationship are
provided by Fault 1 and the Kinna Fault (Figure 19, C2). The
sudden gradient change from fault scarp to hanging wall causes
a hydraulic jump within the gravity flow current that facilitates
deposition of the coarse-grained fraction in the immediate
hanging wall (Ge, Nemec, Gawthorpe, & Hansen, 2017). The
depositional architecture observed in hanging walls of Fault 1
and the Kinna Fault show chaotic amalgamation of lobate and
sheet-like character in SU2, which suggests a relatively rapid
deposition from the gravity flows. Numerical modelling of in-
teractions between gravity flows and such fault-controlled to-
pography indicates that the resulting base of fault scarp fans
have a more patchy spatial distribution of individual fan ele-
ments (Ge, Nemec, Gawthorpe, & Hansen, 2017; Ge, Nemec,
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Gawthorpe, Rotevatn, et al., 2017), compared to existing slope
fan models from non-rift settings with dominantly lobate ge-
ometries (e.g. Haughton et al., 2009; Prather, 2003; Reading
& Richards, 1994; Richards et al., 1998). Comparable deposi-
tional styles have been interpreted on 3D seismic and well data
of the Gudrun turbidite system in the South Viking Graben
(Jackson et al., 2011) and syn-tectonic turbidite systems of the
Niger Delta (Adeogba et al., 2005).

11 | SUMMARY AND
CONCLUSIONS

We have summarized our observations from the Lomre and
Uer terraces into a two-stage structural evolution model for
syn-rift deep-water depositional systems on narrow fault ter-
raced slopes. Figure 19a depicts the early stages of rifting,
where deep-water sediments are sourced from a basin margin
with hinterland drainage via shelfal, shallow marine deposi-
tional systems. Figure 19b illustrates more advanced stage of
rifting, which is characterized by more localized faulting on
few, large-scale terrace-bounding normal faults.

11.1 | Early syn-rift deep-water settings

e The gravity flow sediment routing follows the dominant
regional slope gradient towards the deep rift axis graben
and sediment is mostly sourced from basin-margin deltas
or shelf edge failures (A and B; Figure 19a).

e The bathymetric relief is shaped by distributed faulting on
numerous active normal faults. Prominent late stage faults
may not have developed significant relief on the seafloor
during this time. In cases of early localization of strain, rift
transverse sediment routing may be diverted by larger fault
related relief, leading to sediment starvation in the imme-
diate hanging wall (B; Figure 19a).

e Sea-floor deformation by growing antithetic faults causes
flow-stripping and partial ponding of coarse-grained frac-
tions of the gravity flows. Larger antithetic normal faults
can cause a complete blocking and ponding in their hang-
ing wall (C'; Figure 19a). The steep scarps and fault-related
monoclines of synthetic normal faults promote hydraulic
jumps in gravity flows that lead to deposition of coarse-
grained fractions as patchy, channelized hanging wall de-
posits (o Figure 19a).

e Updip depocenters on the fault terraced slope might be-
come subject to cannibalization or bypass (D; Figure 19a)
due to fault-related uplift. Vice versa, areas previously
characterized by bypass or erosion might become depocen-
ter due to fault-related subsidence.

e Gravity flow deposits generally wedge and thicken towards
fault planes. However, depocenters are likely overfilled and
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limited seafloor differential relief across low-displacement
normal faults allows for sediment accumulation on both
footwall and hanging wall (o Figure 19a).

11.2 | Late syn-rift deep-water settings

e The deformation focused on fewer, but large normal faults
with increased hanging wall subsidence and footwall uplift
rates, which creates greater seafloor rugosity across faults.
Relay zones are localities where deformation remains dis-
tributed on numerous small-scale faults, which provides
areas with less seafloor rugosity (A/B; Figure 19b).

e Many isolated depocenters are likely starved of coarse-
grained sediments. Previously active gravity flow deposits
in areas of localized faulting are abandoned and covered by
hemipelagic drape. Footwall crests degrade and potentially
become subaerially exposed as footwall islands.

e Submarine gravity flow depositional systems likely become
routed through transfer zones due to the lower footwall re-
lief compared to fault segment centres (B; Figure 19b). In
contrast, transverse sediment routing across fault segment
centres may be diverted due to footwall uplift and back-
tilting (C; Figure 19b).

e Submarine canyons developed in the late rift stage, which
provide effective rift-transverse sedimentary pathways
linking basin margin and the deep rift axis graben over
tens of kilometres. Large parts of the canyons may be by-
pass dominated and filled by mudstone following canyon
abandonment.

Deep-water sediment routing follows the regional gradi-
ent towards the rift axis, largely unaffected by emerging at
sea floor scarps and fault-block tilting, but with local fault
topography influencing the depositional architecture of grav-
ity flow deposits on a local scale. This contrasts most existing
models of sedimentation in deep-water rift basins, focusing
on settings with localized strain on major border faults and
depositional style in the associated crustal-scale half-graben
basins. Our results also emphasize the importance of regional
hinterland-sourced basin-margin deltaic systems, as opposed
to local fault crest degradation as primary control on the de-
velopment of large, sand-prone deep-water syn-rift deposits.
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