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ARTICLE INFO ABSTRACT

Editor: Michele Rebesco The Neogene-Quaternary development of the ~700 km long mid-Norwegian and Lofoten—Vesteralen continental
margin is reconstructed using a dense grid of 2D seismic data and exploration wellbores. Overall, widespread
ocean current-controlled contourite drifts built up along the whole margin segment from the mid-Miocene on-
wards (c. 11 Ma, Kai Formation). The onset (c. 8.8 Ma) of a large inner shelf progradation (Molo Formation) was,
however, restricted to the southern part of the study area, the inner mid-Norwegian shelf. In the Quaternary (c.
2.7 Ma), grounded ice sheets repeatedly brought large sediment volumes (Naust Formation) to the shelf beyond
the Molo Formation. A similar build-out is less pronounced further north, where contourite drift growth instead
continued and resulted in build-up of the Lofoten and Vesterdlen drifts. In contrast, the drifts of the southern part
of the study area occur for the most part stratigraphically below, interbedded with and distal to the prograda-
tional Molo and Naust deposits.

The study area exemplifies pronounced variability in Neogene—Quaternary continental margin growth. The
wide and gently dipping mid-Norwegian margin facilitated coastal and shelf progradation related to fluvial and
glacial processes, while the narrow and steep Lofoten-Vesterdlen margin received little input from these sources
although exposed to the same paleoclimate. Instead, erosion of canyons promoted downslope reworking across
the slope and into the deep basins. This low sediment input is interpreted to be controlled by the alpine relief in
the north resulting in a small source area and thus low fluvial and glacial sediment input. To the south, hin-
terland relief allowed for a much larger fluvial and later, glacial source area. Both margin segments were also
influenced by contour currents throughout the studied period. We emphasize their importance for understanding
the role of erosion and deposition in source-to-sink systems, and thus the need for these processes to be inte-
grated within source-to-sink models.
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1. Introduction contourite drifts and deep sea turbidite fans (e.g., Rebesco et al., 2014;

Stow and Smillie, 2020). Such deposits are documented all along the

Passive continental margins at high northern latitudes are important
Neogene-Quaternary sedimentary archives, as they are overlain by the
global ocean conveyor belt and are close to major land-based ice sheets
(e.g., Dahlgren et al., 2005; Rebesco et al., 2014). The margins have thus
been under the influence of alongslope and downslope processes, which
frequently erode, transport and deposit sediments. Typical characteris-
tics of these northern margins include trough mouth fans (TMFs) and
progradational wedges seaward of glacial outlet corridors (e.g., Vorren
and Laberg, 1997; Dahlgren et al., 2005; Piper et al., 2012), as well as
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Atlantic margin (Figs. 1a, 2a) (e.g., Eiken and Hinz, 1993; Dahlgren
et al., 2005; Hernandez-Molina et al., 2009; Ehlers and Jokat, 2013;
Baeten et al., 2014; Mosher et al., 2017; Safronova et al., 2017; Lasabuda
et al., 2018; Rydningen et al., 2020), and here we focus on the mid- to
north-Norwegian continental margin between 64° and 69°N.

Ocean circulation similar to present day, where North Atlantic
meridional overturning created favorable conditions for contourite drift
growth (Viana et al., 2007), was likely established in the Norwegian—
Greenland Sea between opening of Fram Strait ~17 Ma ago and
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subsidence of Greenland-Scotland Ridge at ~12 Ma (Fig. 1a) (Wright,
1998; Jakobsson et al., 2007; Rydningen et al., 2020). The establishment
of the northern branch of the global conveyor belt is also believed to
have had an important impact on paleoclimate as it led to heat and
moisture supply to northern latitudes that allowed for ice sheet growth
on land (Zachos et al., 2001; Smith and Pickering, 2003; Knies and
Gaina, 2008; Eldevik and Nilsen, 2013). These ice sheets eroded the
Scandinavian Peninsula, and thus increased sediment supply from the
hinterland to the continental margin (e.g., Kleman et al., 2008; Dow-
deswell et al., 2010; Mangerud et al., 2011; Patton et al., 2022). The
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total volume of glacigenic sediments that accumulated on the mid-
Norwegian margin during the Quaternary was estimated by Dow-
deswell et al. (2010) and Hjelstuen and Sejrup (2021), and later revised
by Lien et al. (2022); the latter calculated the total volume to be
114,000 km?, giving an average sedimentation rate of 0.73 m/k.y.

To understand how the continental margin evolved in response to
this paleoclimatic development, the current study focuses on two
morphologically different margin and basin segments: the mid-
Norwegian region (64° to 68°N) and Lofoten-Vesteralen region (68°
to 69°N). For the mid-Norwegian region, the hinterland morphology
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Fig. 1. a) Bathymetric map of the North Atlantic Ocean (GEBCO Compilation Group, 2019). Extent of contourites is according to Baeten et al. (2013) and the
Flanders Marine Institute; Renard Centre of Marine Geology - UGent (2019), while the ocean circulation is from Hansen and @sterhus (2000) and Orvik and Niiler
(2002). b) Bathymetric profiles, showing variations of margin morphology, including shelf width and slope gradient. See Fig. 1a for location of profiles. c) Distri-
bution of water masses across the studied margin: NCC — Norwegian Coastal Current; NAW — Norwegian Atlantic Water; NSAIW — Norwegian Sea Arctic Intermediate

Water; NSDW — Norwegian Sea Deep Water.
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varies from low relief (<200 m; plateau) to high relief (up to c. 1000 m;
alpine) (Fig. 1b, profiles 1, 2) (Corner, 2005; Ottesen et al., 2005). The
adjacent margin has a >200 km-wide shelf and an upper slope that is
gently dipping at c. 0-3° onto the Vgring Plateau in the west (Fig. 1b,
profile 1) (Vorren et al., 1998; Laberg et al., 2001). In comparison, the
Lofoten—Vesterélen region is dominated by high relief with elevations
over 1000 m onshore (Fig. 1b, profiles 3-5) (Corner, 2005). A narrower
shelf (minimum 6 km) and substantially steeper slope (up to 10°) is
typical for the adjacent margin (Rise et al., 2013). These off-
shore-onshore variations greatly influenced sediment transport routes
and deposition (e.g., Dahlgren et al., 2005; Gofedowski et al., 2012;
Newton and Huuse, 2017), of which resulted in variations of the sedi-
mentation pattern along the margin through the Neogene and Quater-
nary, as will be elaborated in this study.

Previous studies in the area focused on smaller segments of the
margin or on shorter time periods, e.g., Neogene contourite drift growth
(Laberg et al., 2001; Bryn et al., 2005), Quaternary progradational
wedge development (Henriksen and Vorren, 1996; Stuevold and Eld-
holm, 1996; Dahlgren et al., 2002; Rise et al., 2010; Montelli et al., 2018;
Ottesen et al., 2022) and modern processes on the shelf (Vorren et al.,
2015; Newton and Huuse, 2017). Consequently, the Neogene to Qua-
ternary regional development of the northern mid-Norwegian and
Lofoten-Vesterdlen margin segments have not been well researched.
This study will therefore determine the evolution of these contrasting
margin segments (broad and gently sloping vs. narrow and steep
sloping) by: i) construct the mid-Miocene-Quaternary (11-0 Ma)
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seismic stratigraphy through analysis of seismic and exploration well
data, ii) decipher major sedimentary processes responsible for con-
struction of the stratigraphy and seafloor morphology, iii) determine
climatic and tectonic forcing factors that controlled the antecedent
morphology, sediment supply and the relative importance of along- and
downslope processes. As a result of the observations in this study, a new
class of contourite drifts is also proposed.

2. Background
2.1. Cenogzoic continental margin evolution

The Norwegian continental margin formed because of breakup and
seafloor spreading in the Norwegian-Greenland Sea, which started near
the Paleocene-Eocene transition at ~55 Ma (e.g., Talwani and Eldholm,
1977; Eldholm et al., 1987; Faleide et al., 2008). This seafloor spreading
set the stage for development of Fram Strait in the Miocene, and allowed
for deep-water exchange between the previously isolated Arctic Ocean
and Atlantic Ocean (Fig. 1a) (Kristoffersen, 1990; Jakobsson et al., 2007;
Kaminski et al., 2009; Hutchinson et al., 2019). Timing of the North
Atlantic-Arctic Ocean connection around 17 Ma, suggested by Jakobs-
son et al. (2007), coincided with the mid-Miocene Climatic Optimum,
which culminated at c. 17-15 Ma, and was followed by gradual lowering
of global temperatures (Zachos et al., 2001). Fram Strait did not reach
modern water depths (>2 km) before at 13.7 Ma (Jakobsson et al.,
2007), an age that is nearly synchronous with subsidence of
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Fig. 2. a) Bathymetric map from IBCAO v. 4.0 (Jakobsson et al., 2020), including structural elements by the Norwegian Petroleum Directorate (Blystad, 1995).
Extent of diapir fields and slides are from Hjelstuen et al. (1997, 1999), Laberg and Vorren (2000), Laberg et al. (2000) and Rise et al. (2006). b) Seismic data

coverage and location of exploration wells.
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Greenland-Scotland Ridge at c. 12 Ma (Fig. 1a) (Wright, 1998; Faleide
et al., 2008). Subsidence of the ridge allowed for North Atlantic Deep
Water to pass over this threshold and reach further north (Vogt, 1972;
Laberg et al., 2001). These events strengthened ocean circulation
responsible for drift growth in the North Atlantic from the Miocene (e.g.,
Wold, 1994; Hernandez-Molina et al., 2003; Laberg et al., 2005; Stoker
et al., 2005; Bellwald et al., 2022). Miocene drift sedimentation is also
documented along continental margins around the globe, such as on the
southern Mozambique margin (Preu et al., 2011), western Antarctica
margin (Rebesco et al., 1997) and on the SE New Zealand margin
(Fulthorpe and Carter, 1991).

In the early to middle Cenozoic, compression occurred along the NW
European Atlantic margin; an event that caused basin inversion, reverse
faults and formation of arches and domes on the mid-Norwegian margin
(Fig. 1a) (e.g., Lundin and Doré, 2002; Stoker et al., 2005; Stephenson
et al., 2020). These features formed along basin flanks, while uplift of
the landward part of the margin caused formation of a mid-Miocene
unconformity (Rise et al., 2010).

The mid-Cenozoic was also a period of northern hemisphere glacia-
tions, as evidenced by Miocene ice-rafted debris (IRD) in boreholes on
the western Iceland Plateau (Thiede et al., 1998). At Vgring Plateau
further north, the oldest IRD are dated to 12.6 Ma but these deposits may
have originated from the Greenland Ice Sheet, which expanded onto the
Greenland Shelf at the time (Fronval and Jansen, 1996; Helmke et al.,
2003). A notable increase in IRD, dated to 2.8 Ma, in boreholes on the
northern mid-Norwegian margin is inferred to mark the onset of major
north European glaciations (Jansen and Sjgholm, 1991; Fronval and
Jansen, 1996). Glacigenic sediments sourced from Fennoscandia
throughout this period increased the load on older unconsolidated muds
and oozes, which triggered mud diapirism on the mid-Norwegian
margin (Fig. 2a) (Hjelstuen et al., 1997, 1999). Polygonal faults prob-
ably acted as pathways for upward movement of sediment in this mud
diapirism (Talwani and Eldholm, 1972; Hjelstuen et al., 1997).

During these glaciations, coastal highlands in the east controlled ice
drainage and Fennoscandian ice masses were transported through
Vestfjorden and Andfjorden (Fig. 1a). This routing prevented the main
glacial drainage from reaching the Lofoten—Vesteralen shelf, where local
ice domes instead drained to the shelf break during glacial maxima
(Laberg et al., 2002; Ottesen et al., 2005; Vorren et al., 2015). Conse-
quently, the glacial sediment input was lower for the Lofoten—Vesterélen
segment compared with margin segments further north and south
(Dowdeswell et al., 2010; Rydningen et al., 2016).

The Neogene—Quaternary sediment drainage pattern was affected by
western Scandes, which acted as an important sediment source for the
Norwegian Shelf (Fig. 1a) (Dehls et al., 2000; Eidvin et al., 2014). Two
main hypotheses have been proposed for the origin of these mountains.
The “classical” hypothesis emphasizes erosion to a peneplain followed
by phases of Cenozoic uplift, signifying that the Scandes is a product of
post-breakup uplift (Riis and Fjeldskaar, 1992; Riis, 1996; Lidmar-
Bergstrom et al., 2000; Japsen et al., 2018). For this hypothesis, uplift
phases are assumed to explain increased sedimentation in adjacent ba-
sins (Pedersen et al., 2018). The ICE (isostasy, climate, erosion) hy-
pothesis, on the other hand, emphasizes gradual erosion and
simultaneous isostatic uplift of existing topography, indicating that
Scandes is a remnant from the Caledonian Orogeny rather than a
product of Cenozoic uplift. For this view, enhanced sedimentation is
suggested to be a result of climate-related increase in erosion rate
(Nielsen et al., 2009; Pedersen et al., 2016, 2018).

2.2. Morphology of the Norwegian continental margin

The continental shelf is >200 km wide on the mid-Norwegian
margin, and between 6 and 90 km wide on the Lofoten-Vesterdlen
margin (narrowing northwards) (Vorren et al., 1998, 2015; Rise et al.,
2013). These shelf areas comprise shallow banks and deeper transverse
troughs, usually ranging down to water depths of 250-500 m and
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50-200 m for the mid-Norwegian and Lofoten-Vesteralen shelf,
respectively (Vorren et al., 1998).

The mid-Norwegian slope dips gently westwards (0-3°) onto the
Vgring Plateau, situated at 1200 to 1400 m water depth. On the outer
plateau, the slope dips more steeply into abyssal plains of the Norwegian
and Lofoten basins (Fig. 2a) (Laberg et al., 2001, 2005). The Lofo-
ten-Vesterdlen slope is the steepest on the Norwegian margin with slope
gradients up to 10° (Fig. 1b, profiles 3-5).

The slope morphology is dominated by a progradational wedge in
the mid-Norwegian region, and alternating contourite drifts and can-
yons on the Lofoten-Vesterdlen slope (Vorren et al., 1998; Dahlgren
et al., 2005; Buhl-Mortensen et al., 2010; Rise et al., 2013). The largest
contourites are the Sklinnadjupet, Nyk, Lofoten and Vesterélen drifts
(Laberg et al., 1999, 2001). North of the study area, offshore northern
Norway, TMFs are documented at the outlet of cross-shelf troughs
(Dahlgren et al., 2005; Rydningen et al., 2015, 2016). Vast submarine
landslide scars across the study area include the Sklinnadjupet, Nyk,
Trenadjupet and Andgya slides (Fig. 2a) (Vorren et al., 1998; Laberg
and Vorren, 2000; Laberg et al., 2000; Evans et al., 2005; L’'Heureux
et al., 2013; Laberg et al., 2016).

2.3. Modern and Quaternary oceanography

Four water masses dominate the modern continental shelf and slope
off Norway: Norwegian Coastal Current Water, Norwegian Atlantic
Water, Norwegian Sea Arctic Intermediate Water and Norwegian Sea
Deep Water (Fig. 1c). The low-salinity Norwegian Coastal Current
originates in the Baltic Sea and flows along the coast while receiving
run-off from rivers, and continues into the Barents Sea (Buhl-Mortensen
et al., 2010, 2012). Beneath and to the west of this current is the warm
and highly saline Norwegian Atlantic Water of the Norwegian Atlantic
Current (Buhl-Mortensen et al., 2010). This current is a two-branch
system, with a western branch flowing from the Iceland-Faroe Front
towards Fram Strait, and an eastern branch flowing through the Far-
oe-Shetland Channel and northwards along the Norwegian shelf edge
(Fig. 1a) (Orvik and Niiler, 2002). This oceanography contrasts with the
circulation in the North Atlantic during Quaternary glacial periods
(Laberg et al., 2005), when an increased flux of icebergs and meltwater
caused low temperature and low salinity water to overlie warmer and
saltier Norwegian Atlantic Water (Rasmussen et al., 1997, 2014). This
structure enhanced formation of intermediate water masses at the
expense of deep water (Boyle and Keigwin, 1987; Rasmussen et al.,
2003b). Deep-water circulation was therefore reduced during glacia-
tions, while it strengthened during interglacial periods and after LGM
(McCave et al., 1995).

2.4. Seismic stratigraphic framework

The studied interval covers the Kai, Molo and Naust formations
(Fig. 3). Kai and Molo formations have been mapped previously only in
the northern mid-Norwegian region, where Kai Formation consists of
mud grading into siliceous and calcareous oozes in the deep basins.
Samples near its base have ages of ~11 and ~9.6 Ma (Eidvin et al.,
2007). The Molo Formation contains sandy clinoforms, and for decades
its age has been debated due to lack of reliable age constraints (Hen-
riksen and Weimer, 1996; Eidvin et al., 2007; Lgseth et al., 2017;
Grgsfjeld et al., 2019; Eidvin et al., 2022). Recently, Grgsfjeld et al.
(2019) proposed that the lower and northernmost part of the formation
(well 6610/3-1) began to accumulate ~8.8-8.7 Ma ago. This age
compares well with the late Miocene age suggested by Dybkjer et al.
(2020) for the lowest and southern Molo Formation (well 6407/9-5).
Despite these new results, there are still debates about the age of Molo
Formation (Lgseth, 2021).

Naust Formation consists of a glacigenic progradational wedge of
contouritic, glacimarine and mass-transport deposits in the northern
mid-Norwegian region, while it is contourite-dominated in the
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Fig. 3. Seismic-, litho- and chronostratigraphy for the northern mid-Norwegian and the Lofoten-Vesterélen margin. Lithostratigraphy is modified from Eidvin et al.
(2019), while the geological timescale follows Cohen et al. (2016). HHA — Helland-Hansen Arch; Intra VD — Intra Vesterélen Drift; MA — Modgunn Arch; MMCO - Mid
Miocene Climatic Optimum; MMU — Mid-Miocene Unconformity. Global sea level curve is from Miller et al. (2020).

Lofoten—Vesterélen region (Dahlgren et al., 2002, 2005; Ottesen et al.,
2009). Eidvin et al. (2020) investigated a sample from the upper Naust
“N” (well 6507/5-J-1 H), just above our mapped top Kai/Molo horizon,
giving an age between 1.7 and 1.4 Ma. However, Ottesen et al. (2009)
tentatively suggested an age between ~2.7 and ~1.5 Ma for the oldest
Naust “N” unit, while Dahlgren et al. (2002) interpreted the base of their
seismic unit “D” (corresponding to seismic unit “A” overlying Naust “N™)
of Ottesen et al. (2009) to be ~0.9-1.1 Ma.

3. Data and methods

The seismic database comprises 2D seismic surveys acquired since
the 1980’s, most of which are downloaded from the Norwegian Petro-
leum Directorate (NPD) DISKOS database (Fig. 2b). Newer multichannel
2D lines (NPD-LOF1-07/08) and one 3D survey (NPD-LOF1-09) ac-
quired by the NPD between 2007 and 2009 were also studied. In addi-
tion, the database includes unpublished multichannel 2D lines collected
by TGS (MNR04-11) from 2004 to 2011, as well as single-channel 2D
lines acquired by UiT The Arctic University of Norway, between 2000
and 2003 and 2010, with R/V Jan Mayen (now R/V Helmer Hanssen).

The seismic data coverage is best in the central shelf/upper slope area
on the northern mid-Norwegian margin, offshore southern Lofoten and
over the shelf/upper slope off Andgya, with an average line spacing be-
tween 1 and 2 km (Fig. 2b). The line spacing increases to 3-6 km over the
lower slope off Lofoten—Vesteralen, while the sparsest coverage is in the
western Lofoten Basin (up to 65 km). The overall quality of the seismic
data is good, but the older surveys are of lower quality with seabed
multiples. Vertical resolution at a depth of 2000-2500 ms two-way travel
time (TWT) for the Kai Formation near well 6704/12-1 is ~11 m
(Fig. 2b). This was calculated by using an average interval transit time of
~1550 m/s from the sonic log at a frequency of ~35 Hz (from seismic
data) and assuming the Rayleigh criteria of 1/4 wavelength as limit of
resolution. Further east, in well 6608/2-1 S, the transit time and domi-
nant frequency at a depth of c. 1900-2100 ms TWT is ~3390 m/s and
~15 Hz, which gives a vertical resolution of ~56 m for the Kai Formation
(Fig. 2b). The poorer resolution in the east may be related to the thick
overlying Naust wedge here, causing compaction and higher velocities.

Seventeen exploration wells in the mid-Norwegian region were used
to provide age and lithological control (Fig. 2b). These wells were
chosen because they contain information about the Neo-
gene—Quaternary sediments and form a E-W transect from shelf to basin
areas. Formation tops in the wells (downloaded from http://factpage.
npd.no) form the main basis for the established seismic stratigraphy,

although mismatch between picks in different wells occur occasionally.
Nevertheless, confidence of stratigraphic constraints is not reduced
because of correlation between several wells. Age constraints were ob-
tained through correlation to wells and dating results from previous
work, such as Eidvin et al. (2007), Grgsfjeld et al. (2019), Dybkjeer et al.
(2020) and Eidvin et al. (2020). We refer to these publications for
further discussions on age determinations. Stratigraphic and age con-
straints become less reliable towards the Lofoten—Vesterdlen region
because no deep-target exploration wells are present, and because
seismic correlation is complicated by diapiric fields, slides and complex
structural elements (Fig. 2a). Uncertainties also exist concerning well-to-
seismic ties because of the large resolution difference between these data
sets. Moreover, when interpreting seismic in the Vgring Basin, diage-
netic bottom simulating reflectors must be avoided (e.g., Hjelstuen et al.,
2004; Chand et al., 2011). These reflectors are positive moderate to high
amplitude reflections that crosscut bedding.

Three key seismic horizons were mapped: 1) top Brygge, bounding
the Brygge and Kai/Molo formations, 2) top Kai/Molo, separating the
Kai/Molo and Naust formations and 3) top Naust, seafloor horizon
(Fig. 3). Horizon mapping also included an intra-Vesterélen Drift hori-
zon (separating top Kai/Molo and top Naust). The term “mid-Miocene
unconformity”, identified in other studies as the base of the Kai and
Molo formations (e.g., Lgseth and Henriksen, 2005; Eidvin et al., 2007;
Lgseth et al., 2017), is not used in this study. However, based on its
seismic character and stratigraphic depth, it is inferred to correspond to
our top Brygge horizon.

Completion reports from available wells contain information on the
lithology of the Kai, Molo and Naust formations, based on in-
terpretations of sidewall cores, cuttings, core samples, and wireline logs.
Six wells were used for lithological characterization: 6610/3-1, 6609/
5-1, 6609/7-1, 6607/5-1, 6607/5-2 and 6704/12-1 (Table 1).

4. Results
4.1. Seismic facies

Four seismic facies (SF1-4) are recognized and classified for the
study area based on the terminology defined in Mitchum et al. (1977)
and Badley (1985) (Fig. 4). Low to medium amplitude and continuous to
semi-continuous inclined reflections up to c. 13° characterize SF1A
(tangential oblique). These reflections are typically truncated in the top
and they have downlap terminations onto the lower boundary. SF1B
(tangential oblique) has a similar reflection configuration and
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Lithology from six exploration wells of the interval covering the Kai, Molo and Naust formations. The wells are listed systematically from the inner shelf in the east to

the deeper Vgring Basin in the west. For location, see Fig. 2b.

Naust

Molo

Kai

6610/3-1 17 m. Sediments ranging from clay to gravel.
6609/5-1 1252 m. Claystone/clay with sand stringers.
1125 m. The upper 325 m contains gravels, unconsolidated sands
6609/7-1 and claystones. The clay content increases downward. The clays are
interbedded with thin layers of unconsolidated sands. A further rise
in claystone content is apparent in the lowermost 375 m.
6607/5-1 1820 m. Claystone with minor sand laminae and occasional silty-
sandy beds.
6607/5-2 1454 m. Claystone with thin sandstone interbeds.
6704/12-1 82 m. Soft to very soft clay grading to firm clay towards the lower

part.

206 m. The upper 111 m contains sand/sandstone, while the

95

. " Not present.
m long interval underneath becomes siltier and more p

clayey. Limestone stringers occur in the lowermost 35 m.

177 m. Claystone with
lime- and sandstone
stringers.

Not present.

Not present. 60 m. Claystone.

250 m. Claystone with

Not present. . .
minor sand lamina.

314 m. Claystone
interbedded with thin
sandstone stringers.

Not present.

461 m. Silica ooze with

Not present. .
minor clay content.

terminations, but the reflections slope at a gentler angle (c. 1-3°), and
their amplitudes range between medium to high. A wedge shape is
common for deposits that comprise these facies. The contorted facies
(SF2) is dominated by low to high amplitude, continuous divergent re-
flections. These reflections typically have onlap terminations facing to-
wards the east, and downlap terminations oriented to the west. Incisions
occur frequently in association with the upslope onlap terminations, and
a mounded external form is typical. SF3 contains low to high amplitude,
continuous to semi-continuous, parallel to sub-parallel reflections with
onlap terminations. These reflections commonly have an external sheet
geometry. Low to high amplitude, discontinuous chaotic reflections
characterize SF4. A transparent matrix is typical together with an
irregular top and base.

4.2. Top Brygge horizon characteristics

The top Brygge horizon is a continuous, high amplitude and negative
polarity reflection that truncates underlying strata (Figs. 5-9). However,
in the northeastern mid-Norwegian region where it separates the Brygge
and Molo formations, it is discontinuous (Fig. 6). Faults are observed in
the Brygge Formation and the majority of these terminate near the top
Brygge horizon, although a few also penetrate it (Figs. 6-9).

The top Brygge horizon is a regional northwestward dipping paleo-
surface (Fig. 10a). In the northern mid-Norwegian region, it has been
mapped from the inner shelf in the east and ~400 km seaward. Within the
Vgring Basin, it slopes generally <3°. Here, the horizon outlines two paleo-
basins (reaching depths of >3700 ms TWT), separated by a SE-NW ori-
ented ridge. Elsewhere in this area, smaller S-N and SW-NE oriented
structural highs, ridges and domes characterize the horizon. In the Lofo-
ten-Vesteralen region, the top Brygge horizon was identified in a smaller
area (up to ~165 km wide) that includes the slope and parts of the Lofoten
Basin (Fig. 10a). The horizon is absent on the shelf where it is truncated by
the seafloor, while westward it lies on a steeply dipping slope (up to ~13°)
incised by SW-NE-aligned gorges (Table 2 and Figs. 9a, 10e).

4.3. Kai Formation character and age

Elongated mound-shaped accumulations with an alongslope SSW-
NNE direction fill in the confined areas between ridges and domes in
the eastern part of the mid-Norwegian region (Fig. 10b). These accu-
mulations (I-III, Table 3) are up to ~280 km long, 110 km wide and

~455 ms TWT thick (Figs. 6a, 11a). Their internal reflection configu-
rations are dominated by SF2, that is, a contorted seismic signature with
onlap terminations onto underlying domes, highs and ridges. Similar
accumulations (IV-VIL, Table 3) are present in the deeper Vgring Basin
to the west, where they reach thicknesses up to ~960 ms TWT (Fig. 7).
The Kai Formation here also includes intervals of SF3 (parallel to sub-
parallel), reaching thicknesses up to ~300 ms TWT. These sediments
are in some places truncated by the base Naust horizon, particularly in
the shallow area of the SE-NW oriented ridge. Low-displacement
polygonal faults also affect Kai Formation in the western and northern
Vgring Basin.

In the Lofoten—Vesterélen region, just north of the Bivrost lineament,
the Kai Formation is absent in the modern shelf setting where it is
truncated (Figs. 9¢, 10b). Downslope oriented accumulations, internally
dominated by SF3 (parallel to sub-parallel), characterize the upper
slope. Further downslope, SF3 is interbedded with SF4 (chaotic). Areas
of thinner or absent Kai deposits separate the downslope accumulations
on the slope (Figs. 8, 10b). In the southern Lofoten Basin, the formation
is between ~70 and 490 ms TWT thick and mainly comprises SF2, that
is, a contorted reflection configuration (VIII, Table 3) (Fig. 11a). The
reflections here have a similar low-displacement fault pattern as in the
Vgring Basin, although it is less prevalent (Fig. 8). Towards the northern
parts of Lofoten Basin, off Vesterdlen, the formation thickens to a
maximum of ~950 ms TWT and is characterized by an internal signature
dominated by SF2 and SF4 (Fig. 9b). SF2 is mostly confined to an
accumulation along the eastern basin margin that onlaps underlying
strata (IX, Table 3), while SF4 dominates seaward (Figs. 9f, 11a).
Compared with the northern mid-Norwegian elongated accumulations,
the Lofoten-Vesteralen accumulations have a smaller areal extent and
onlap a steeper slope incised by gorges (Figs. 8, 10b).

Seismic correlation to biostratigraphic interpreted ages of the 6607/
5-1 well, near the base of the Kai Formation, show that the formation
started to accumulate in the northern mid-Norwegian region just prior to
c. 11 Ma, in the late Miocene.

Samples taken further up in the well show that the formation
continued to accumulate at least until 6.9-5.1 Ma (Eidvin et al., 2007).

4.4. Molo Formation character and age

Molo Formation is located on the inner mid-Norwegian shelf
(65°-67°40°N), and it is ~300 km long, between 7 and 55 km wide, up
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Seismic Facies (SF)

Description

SF1 - Tangential oblique

Steeply (up to ~13°) inclined and continuous to semi-continuous reflections of
low to medium amplitude. Often truncated in the upper part. Sand-rich lithology
is common (e.g., Eidvin et al., 2007).

Gently inclined and continuous-semi continuous reflections of medium to high
amplitude. Commonly truncated in the top. Typically composed of varying
lithologies, ranging from clay to gravel (e.g., Rokoengen et al., 1995).

Low to high amplitude, continuous divergent reflections with progressive upslope
onlap terminations. Incisions often occur in association with the onlap. Mud-rich

lithology is common (e.g., Faugeres and Stow, 2008; Rebesco et al., 2014).

Low to high amplitude, continuous to semi-continuous, parallel to sub-parallel
reflections. A fine-grained lithology is common, typically muds and sandy muds

(e.g., Stow and Smillie, 2020).

Low to high amplitude, discontinuous chaotic reflections. Transparent matrix
common in some areas. lrregular top and base. Varying lithologies are common
(e.g., Laberg et al., 2006; Bull et al., 2009).

Fig. 4. Seismic facies classification. Red vertical and horizontal bars represent 50 ms TWT and 1 km. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

to ~520 ms TWT thick, and wedging out north of the Bivrost Lineament
(Figs. 6b, 7, 10b, 11a). The formation is characterized by SF1A
(tangential oblique facies). A prominent truncation of SF1A by the
seafloor or internal Naust unconformities is observed in the east
(Fig. 6b). In central Treenadjupet, west of where the formation reaches
its maximum thickness, the formation continues downslope and inter-
fingers with the upper part of the Kai Formation (Figs. 5, 10b).

Seismic correlations to biostratigraphic age constraints near the base
of the Molo Formation (well 6610/3-1) show that it started accumu-
lating in the late Miocene at ~8.8/8.7, and continued into the early
Pliocene (wells 6407/9-1/9-2/9-5) (Eidvin et al., 2007; Grgsfjeld et al.,
2019; Dybkjeer et al., 2020).

4.5. Top Kai/Molo horizon characteristics

The top Kai/Molo horizon is a continuous high-amplitude negative
reflection that represents an angular unconformity, which separates the
Molo and Kai formations from Naust Formation (Figs. 7, 9a). In the
northern mid-Norwegian region, the horizon is a gently westward dip-
ping paleo-surface (up to ~3°) that is up to 400 km wide and displays a

shallowing trend towards the east (Table 2 and Fig. 10c). Around the
Helland-Hansen Arch, it is truncated while elsewhere in the Vgring Basin
it partly mimics the top Brygge horizon, outlining two basins separated
by a NW-SE ridge.

The mapped area of the top Kai/Molo horizon in the Lofo-
ten—Vesteralen region narrows from 290 km off southern Lofoten to 100
km off Andgya. Here, it represents an up to 12° NW dipping paleo-
surface incised by deep gorges (Table 2 and Figs. 10c, f). Steepest gra-
dients occur on the upper slope and in connection with gorge sidewalls,
while the horizon dips more gently on the lower slope (0.5-3.5°). At the
slope offshore Vesterdlen, the horizon is partly truncated (Fig. 10c).
West of the slope, the top Kai/Molo horizon is deep and gently sloping
(<0.5°) within the region of the Lofoten Basin (Table 2 and Fig. 2a).

4.6. Naust Formation character and age

Naust Formation is thin or absent on the inner northern mid-
Norwegian shelf but the thickness increases progressively westward,
reaching a maximum of ~1800 ms TWT along the modern shelf break
(Fig. 10d). In this area, the formation has an external wedge shape that
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internally is dominated by SF1B (tangential/oblique facies). Truncation
of SF1B is observed east of the shelf break and younger strata with a
parallel reflection configuration (SF3) rest on this unconformity (Figs. 6,
7). In the west, SF1B reflections downlap onto the underlying Kai and
Brygge formations. The wedge also comprises intervals of SF2 and SF4, i.
e., a contorted to chaotic seismic signature. The seismic stratigraphy of
the Naust wedge off mid-Norway and its age between 2.7 and 0 Ma is
described in detail in previous work (e.g., Dahlgren et al., 2002, 2005;
Rise et al., 2006; Ottesen et al., 2009).

In the distal and western Vgring Basin, the Naust Formation wedge
pinches out (Figs. 7, 10d). The thickest deposits fill the two sub-basins of
the underlying top Kai/Molo horizon (~450 ms TWT thick) (Table 2 and
Fig. 10d). The southernmost accumulation lies within the Sklinnadjupet
Slide and the Vigrid diapir field, while the northern depocenter co-
incides with the Vema diapir field (Figs. 2a, 10d). Both depocenters are
dominated by SF3 (parallel to sub-parallel) and SF4 (chaotic), and have
been described thoroughly by Rise et al. (2006) and Hjelstuen et al.
(1997, 1999). Along the western flank of Helland-Hansen Arch, the
lowest interval of the Naust Formation (accumulation X, Table 3) has a
mounded geometry dominated by an internal contorted signature (SF2)
that onlaps the arch (Figs. 6, 11b). Thinning of the formation occurs over
the NW-SE-oriented ridge that separates the sub-basins of the Vgring
Basin, where SF3 dominates (Figs. 7, 10d). Polygonal faults, some
extending to the seafloor, affect parts of the deposits within the basin.

The formation is thinner (up to ~1100 ms TWT) in the Lofo-
ten—Vesterdlen region north of the Bivrost lineament, and it is mostly
absent or below data resolution on the shelf. Two elongated and along-
slope oriented accumulations dominate on the slope (LD and VD; Table 3
and Figs. 10d, 11b). These accumulations are up to ~110 km long, 35 km
wide and ~770 ms TWT thick. They have an external mounded geometry
with an internal signature characterized by SF2 (contorted) that onlaps
the underlying steep slope incised by gorges (Figs. 9a, b). SF2 are in some
areas interbedded with intervals of SF4 (chaotic). These two accumula-
tions outline the detailed extent of the Lofoten and Vesterdlen drifts
(Figs. 10d, 11b) (Laberg et al., 1999, 2001).

Near the outlet of the Hola, Kvalnesdjupet, and Andfjorden troughs,
the Naust Formation is characterized by northwestward inclined re-
flections of SF1B (tangential/oblique) that partly fill in gorges on the
upper slope (Figs. 1a, 2a, 9a). The thickness of these systems is between
~540 and ~1080 ms TWT. On the lower slope and in Lofoten Basin,
Naust Formation displays thick accumulations in the continuation of the
gorges (Fig. 10d). In the area of the Trenadjupet Slide deposits (Fig. 2a),
the formation is up to ~490 ms TWT thick and dominated by SF4
(chaotic) with an irregular upper boundary (Fig. 5) (see Laberg and
Vorren (2000) for more details on the slide). Further north in Lofoten
Basin, the formation is thinner and dominated by SF3 (parallel to sub-
parallel) (Fig. 10d). Off Vesteralen, the slope-basin transition is char-
acterized by a major fault system (Fig. 9b). West of this system, a series
of depocenters are present in Lofoten Basin downslope of the gorges
(Fig. 10d). These depocenters mainly consist of SF3 interbedded with
SF4 (Fig. 9b). SF3 is confined to an accumulation (XI, Table 3) on the
eastern basin margin (Fig. 11b). Upslope, this facies changes to SF2, with
a mounded geometry, divergent reflections and onlap terminations on
the steep slope (Fig. 9b).

5. Discussion

5.1. Evidence of depositional pattern and sedimentary processes from
seismic facies

The sediment bodies characterized by seismic facies SF1A (tangential
oblique; steeply inclined reflections) have an external wedge shape and
a sandy lithology (e.g., as shown in well 6610/3-1), indicating a coastal
deltaic paleoenvironment that formed progradational wedge deposits
(Table 1 and Fig. 4), as also concluded by others (e.g., Rokoengen et al.,
1995; Henriksen and Vorren, 1996; Eidvin et al., 2007, 2019). The more
gently inclined reflections of SF1B (tangential oblique) covers a larger
region, has a greater volume, and is composed of a coarser lithology (e.
g., gravels in wells 6610/3-1 and 6609/7-1). These features are indic-
ative of a glacimarine paleoenvironment that formed progradational
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wedge deposits of various origins, as detailed in previous works from the
mid-Norwegian region (e.g., Dahlgren et al., 2005; Rise et al., 2005;
Ottesen et al., 2009).

Divergent reflections with onlap terminations (SF2), an external
mounded elongated geometry and clay-rich lithology (e.g., piston core
samples in well 6609/5-1 (Laberg and Vorren, 2004; Baeten et al.,
2014)), are interpreted to be contourite drifts (I-XI, SD, ND, LD, VD;
Table 1 and Figs. 4, 11). Drifts are formed by alongslope flowing contour
currents that generally transport fine sand or smaller grain fractions, and
favor elongation in a slope-parallel direction (e.g., Faugeres et al., 1999;
Faugeres and Stow, 2008; Rebesco et al., 2014). They form asymmet-
rical, mounded accumulations with deposition on one side and erosion
on the other where the flow is focused (e.g., Rebesco et al., 2014; de
Castro et al., 2021; Miramontes et al., 2021). Incisions that are observed
in association with the upslope onlaps are interpreted to be moats, i.e.,
areas of higher flow velocities and erosion. A selection of the drifts is
penetrated by wells, and it is therefore reasonable to infer a clay-rich
lithology for the contourites. The results from our seismic mapping
reveal for the first time outline of drifts I-XI within the Neo-
gene—Quaternary succession on the Norwegian margin, while outlines of
the Sklinnadjupet, Nyk, Lofoten and Vesteralen drifts are updated.

The widespread distribution and fine-grained lithology (e.g., silica
ooze in well 6704/12-1) (Table 1) together with the parallel to sub-
parallel reflection configuration of SF3 are indicative of hemipelagic
to pelagic deposits that have settled out from suspension during glacial
and interglacial periods (Fig. 4). Hemipelagic to pelagic sediments often
form in distal deep-water settings where other processes are absent or
rare, and reflect a low-energy environment with fine-grained lithologies

(e.g., Stow and Smillie, 2020).

The chaotic reflection configuration of SF4, together with their
irregular base and top, indicating erosional surfaces, are interpreted to
be deposits from mass-transport processes such as slides, slumps and
debris flows, commonly termed mass-transport deposits (Fig. 4) (e.g.,
Laberg et al., 2006; Tripsanas et al., 2008; Bull et al., 2009). Such de-
posits are gravity-induced and favor elongation in a downslope direction
(e.g., Faugeres et al., 1999; Nielsen et al., 2008; Nugraha et al., 2020; Wu
et al., 2020).

5.2. Evolution of the northern mid-Norwegian and the Lofoten—Vesterdlen
regions

5.2.1. Early to mid-Miocene (older than ~11 Ma to ~8.8/8.7 Ma)

The top Brygge horizon possibly formed due to uplift of the shelf and
landward part of the margin during early to middle Cenozoic
compression (Rise et al., 2010). This compression resulted in the for-
mation of domes, highs and arches in the Vgring Basin that was later
onlapped by contourites in the Kai Formation (Fig. 6). A depositional
hiatus also developed due to erosion related to this event, as indicated by
the lack of sediments of lower to mid-Miocene age (Fig. 3). Faults that
penetrate the horizon may be ascribed to Paleogene rifting that led to
opening of Norwegian-Greenland Sea (Figs. 6-9).

Contourites in the Kai Formation off mid-Norway have earlier been
described in very general terms (e.g., Bruns et al., 1998; Hjelstuen et al.,
2004; Bryn et al., 2005), while in the current study they are properly
defined (I-VII, Table 3 and Fig. 11a). The top Brygge horizon, that marks
the base of the drifts, is overlain by c. 11 Ma Kai deposits in the west and



S. Bjordal-Olsen et al.

Marine Geology 456 (2023) 106974

MNR11-90612

MNRO08-7314

—— Top Naust —— Top Kai/Molo

Top Brygge = Onlap/downlap ~<— Truncation mn Formation tops NPD

Fig. 7. Seismic dip profile crossing the northern mid-Norwegian margin in the area of well 6704/12-1. A diagenetic bottom simulating reflector crosscuts the
stratigraphy and the top Brygge horizon. Notice the mismatch between the interpreted top Brygge horizon and the formation pick in well. The top Brygge pick from
NPD is most likely incorrect (downloaded from http://factpage.npd.no), as it does not correlate with corresponding picks in nearby wells. Inset: Truncation and

polygonal faulting of Kai Formation in Vgring Basin. See Fig. 2b for location.

slightly younger deposits (c. 9.6 Ma) upslope and in the east (Fig. 12a)
(Eidvin et al., 2007). Based on these ages, and the observed upslope
migration of the drifts, we suggest that they began to build up in the
basin and on the lower slope. In the distal Vgring Basin, thick deep-water
drift systems (IV-VII, Table 3) also developed under the influence of
ocean currents, interlayered by hemipelagic to pelagic deposits that
formed under near-still conditions (Figs. 7, 11a). Moats and onlap ter-
minations of these systems, along the western flank of the mid-
Norwegian domes, indicate that the principal flow was focused here,
and that the domes influenced paleocurrents (Fig. 6). The youngest and
shallowest drift (I, Table 3), developed close to the foot of Molo For-
mation on the shelf, implying that ocean currents were active near the
coast off mid-Norway since 9.6 Ma (Fig. 11a).

In contrast to previously described drifts, the Kai Formation drifts in
the northern mid-Norwegian region accumulated onto a complex relief
of highs, ridges and domes. Existing classification systems are therefore
not accurately descriptive, c.f., Rebesco and Stow (2001), Faugeres and
Stow (2008) and Rebesco et al. (2014). Hence, we suggest a new class of
drift type named structurally-controlled drifts.

The ocean currents in the northern mid-Norwegian region continued
northwards in the Miocene, as evidenced by two drifts in the Lofo-
ten-Vesterdlen region (VIII-IX, Table 3 and Fig. 8). These drifts are
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classified as giant elongated, separated drifts (Faugeres and Stow, 2008)
with moats along their eastern flank. The drifts developed in a different
physiographic setting than the mid-Norwegian drifts, as they onlap onto
a steep slope incised by gorges interpreted to be canyons, and onto a
basin edge dominated by a fault system (Figs. 10a, 12a, b). As a response
to this physiographic setting and more restricted sediment availability,
the Lofoten-Vesterélen drifts are less widespread (Figs. 2a, 11a).

Our results show more widespread contourites within the Kai For-
mation than previously documented, with drifts covering both the
paleo-slope and deep basins (Figs. 11a, 12a). The drifts deposited from
these currents were likely a response to the North Atlantic-Arctic Ocean
connection, which formed due to opening of Fram Strait at ~17 Ma and
subsidence of Greenland-Scotland Ridge at ~12 Ma (Wright, 1998;
Jakobsson et al., 2007). The fact that subsidence of the ridge occurred
nearly synchronous with onset of drift growth, slightly before 11 Ma,
indicates free passage of warm North Atlantic Water across the ridge and
northwards. A similar expansion of drift growth in the Miocene is
recorded all along the Atlantic (e.g., Wold, 1994; Nielsen et al., 2011;
Hernandez-Molina et al., 2016), the Barents Sea/Fram Strait area (e.g.,
Eiken and Hinz, 1993; Geissler et al., 2011; Gebhardt et al., 2014;
Lasabuda et al., 2018) and in the Arctic Ocean (e.g., Weigelt et al., 2020;
Mosher and Boggild, 2021).
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The extensive contourites of the Kai Formation across the northern
mid-Norwegian region (I-VII) point to a dominantly alongslope sedi-
mentation, with little influence of downslope processes in the mid-
Miocene (Figs. 11a, 12a). Similar conditions are documented on the
SW Barents Sea margin during the same period, where the Bjgrngyrenna
Drift accumulated (Rydningen et al., 2020). In the steeper Lofo-
ten—Vesteralen region, alongslope sedimentation (VIII and IX) was likely
accompanied by focused downslope transport of sediments through
canyons on the slope and into Lofoten Basin. Canyon formation is
inferred to be a result of uplift that reduced incidents of slope stability
(Table 2 and Figs. 10b, 11a) (Rise et al., 2013). Alternatively, this
downslope activity may have been a consequence of slope failure in
weak contouritic sediments, which began to accumulate within the
canyons from this time onwards. Rydningen et al. (2016) linked the
steep canyonized slope on the Troms margin, just north of Lofo-
ten-Vesterdlen, to an uplift event at the Paleocene-Eocene transition
described by Osmundsen and Redfield (2011). Thus, the steep slope has
perhaps had a long-term influence on the sedimentation on the Lofo-
ten—Vesteralen-Troms margin, where it probably promoted high flow
velocities and caused slumps on the upper slope to transform into debris
flows and turbidity currents downslope. The Kai Formation is thin or
absent on the steepest parts of the slope in between the canyons, which
indicates that the slope, at least partly, acted as a sediment bypass zone
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(Fig. 10Db).

The SW-NE contour current direction suggests that the main source
area for the Kai drifts was somewhere south of the mapped area. It is also
likely that some of the sediments initially came from the mainland in the
east before subsequently being redeposited northwards by contour
currents, i.e., via run-off from the Scandes Mountains.

5.2.2. Late Miocene to Pliocene (~8.8/8.7 Ma to ~2.7 Ma)

The Molo Formation lies on top of the Brygge horizon on the inner
northern mid-Norwegian shelf, where it is interpreted to form a deltaic
coastal progradational wedge; earlier suggested to have developed due
to eustatic sea-level fall and uplift (e.g., Rokoengen et al., 1995; Hen-
riksen and Vorren, 1996; Eidvin et al., 2007, 2019). Seismic mapping in
this study reveals that the Molo Formation extends downslope and
interfingers with the upper part of the Kai Formation in the central
Treenadjupet area, suggesting concurrent deposition for the two forma-
tions (Figs. 2a, 5a). Age constraints from exploration wells also support
contemporaneous deposition, as the Molo Formation started accumu-
lating in the late Miocene c. 8.8-8.7 Ma (well 6610/3-1) (Grgsfjeld
etal., 2019), and ages of c. 6.9 to 5.1 Ma are found for the eastern part of
Kai Formation (well 6607/5-1) (Eidvin et al., 2007) (Fig. 12a). Our
findings, based on regional seismic mapping differ from the results of
Lgseth and Henriksen (2005), Lgseth et al. (2017) and Lgseth (2021),
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who suggest that the formation is of Pliocene age.

The vast extent of the Molo Formation along the coast and its E-W
progradational style suggest that it developed due to increased run-off
from a wide onshore drainage area in the east, likely the Scandes
Mountains (Figs. 10b, 12a). The considerable size of the system also
suggests that it formed by several merging deltas, possibly under the
influence of ocean currents that redistributed sandy sediments along the
margin (Fig. 12a). Based on the location of the thickest part of the for-
mation in the central Traenadjupet Trough, representing the continua-
tion of Vestfjorden to the shelf break, we infer that most of the sediments
originated in the Vestfjorden region (Figs. 10, 11a). This interpretation
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is consistent with Grgsfjeld et al. (2019), who suggested that the
northern Molo Formation was sourced from the Vestfjorden area, with
the Vestfjorden lineament serving as a corridor for sediment delivery.
The seaward progradation of the Molo Formation did most likely not
commence fully until 8.8-8.7 Ma ago (Grgsfjeld et al., 2019). The con-
struction formed during a period of climatic cooling, following the mid-
Miocene Climatic Optimum from 17 to 15 Ma (Zachos et al., 2001). This
is a considerably delayed response time after the climatic optimum,
implying that it took >6 Ma before the effect of increased humid con-
ditions led to increased onshore erosion from higher rainfall. As an
alternative to this delayed climatic response, we speculate that land
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Fig. 10. a) and c) Time-structure maps in TWT ms of top Brygge and top Kai/Molo horizons with 200 m contour intervals. b) and d) Isochrone maps of the Kai/Molo
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Table 2
Summary of seismic horizons and units mapped on the northern mid-Norwegian margin (NMNM) and Lofoten-Vesterdlen margin (LVM).
Area Characteristics Interpretation
LVM = Mounded accumulations characterized by SF2 (contorted) Contourites. Fewiﬁz;:h::jcg;; ng;i?;t;;: due to the alpine
m Up to c. 770 ms TWT thick on the slope, while c. 490 ms TWT thick s :
in the basin
Naust Fm
m Wedge-shaped deposits dominated by SF1B (tangential oblique). Glacial progradational wedge influenced by contourite and slide
NMNM . .
Intervals of SF4 (chaotic) and SF2 (contorted) occur deposits.
= Up to c. 1800 ms TWT thick along the modern shelf break, while it
only reaches c. 450 ms TWT in the basins
The relief is a result of deposition of the underlying Kai Formation.
LVM m Steeply dipping surface with deeply incised canyons (slope) No sign of tectonic influence.
Top m Deeper and gently sloping area (abyssal plain)
Kai/
Molo horizon - . . . . . . .
NMNM = Gently dipping surface that shallows in the modern shelf setting Relief formed by deposition of Kai/Molo formations with few
(slope) evidence of tectonic influence.
= Two large paleo-basins separated by a ridge-form
LVM = Not present. May be due to the alpine Lofoten-Vesterdlen mountains, preventing
large fluvial systems from reaching the margin.
Molo Fm NMNM
m Wedge-shaped accumulation characterized by steeply inclined Coastal shelf construction from run-off/fluvial systems.
reflections of SF1A (tangential oblique).
= Not present in the shelf setting
LVM = Along- and downslope accumulations dominated by SF2 Contourite and mass transport deposits.
(contorted) and SF4 (chaotic)
m Up to c. 1050 ms TWT thick on the slope and c. 950 ms TWT in the
basin.
Kai Fm
NMNM m Mound-shaped elongated accumulations consisting of SF2 Contourites.
(contorted)
m c. 450 ms TWT thick on the paleo-slope and c. 1065 ms TWT in the
basin.
Faults infls ing the top B lief indicate that it h: d
LVM = Steeply dipping surface incised by canyons (slope). aults influencing the top tgii?;z;;;; teate that it ias undergone
m Deeper and gently sloping area (abyssal plain). y-
Top Brygge L . S .
. m Gently dipping surface (slope) Faults and structural highs indicate tectonic influences on the
horizon NMNM . . . .
m Paleo-basins with ridges, arcs, and domes. evolution of the top Brygge relief.
Table 3

Classification and dimensions of alongslope accumulations within Kai and Naust formations. Lengths, widths and thicknesses are maximum values. Accumulations
with Roman numerals (I-XI) have been described for the first time in this study. Sklinnadjupet, Nyk, Lofoten and Vesteralen drifts have been described earlier (Laberg
et al., 1999, 2001) but the dimensions and thicknesses are from this study.

Formation Area Alongslope accumulation Length Width Thickness
(km) (km) (ms TWT)

I 160 45 400

I 95 40 225

11 280 110 455

NMNM v 150 70 720

Kai Fm \Y 70 40 780

VI 85 75 865

VII 70 40 960

VIII 70 55 930

LVM IX 125 25 500

X 185 150 785

NMNM Sklinnadjupet Drift 85 70 450

Nyk Drift 75 35 265

Naust Fm X1 65 10 225

LVM Lofoten Drift 110 35 575

Vesteralen Drift 65 30 770

14
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uplift instead facilitated increased erosion of the hinterland and thus
allowed for westward transport of sediment. Several phases of Cenozoic
uplift of the Scandes have been identified (Riis and Fjeldskaar, 1992;
Riis, 1996; Lidmar-Bergstrom et al., 2007, 2013), and these might
explain increased sedimentation in the basin areas (Goledowski et al.,
2012; Pedersen et al., 2018). As such, this explanation is preferred over
the ICE hypothesis, which would have required an improbable long
delay in erosion due to increased rainfall following the climatic
optimum.

Coastal progradation from run-off through fluvial systems was far
less developed in the Lofoten—Vesterdlen region. Alpine mountains
probably existed here during the Miocene, and these may have, at least
partly, formed from Paleogene rift-flank uplift (Lasabuda et al., 2021).
The mountains possibly acted as a barrier that prevented larger fluvial
systems from reaching the coast and shelf. Instead, local rivers from
smaller drainage areas such as V-shaped valleys perhaps acted as
transport agents to the canyons. Absence of Molo Formation in the
Lofoten—Vesteralen region could also be attributed to the nature of the
underlying top Brygge relief. The wide and low-angle relief off mid-
Norway at the time was probably well suited for hosting sediments.
Such margins often develop from a low-alpine hinterland morphology
(e.g., Symme et al., 2009), which was probably the case for the mid-
Norway hinterland in the late Miocene to Pliocene.

5.2.3. Early Quaternary and Holocene (~2.7 to present-day)

Earlier studies (e.g., Rise et al., 2005; Ottesen et al., 2009; Montelli
et al., 2017) have described the Naust Formation off mid-Norway as a
glacigenic wedge showing morphologies from past glacial processes,
partly subjected to downslope remobilization. The wedge also comprises
previously described hemipelagic and contouritic deposits such as the
Nyk and Sklinnadjupet drifts (Fig. 6). West of the Helland-Hansen Arch,
a well-developed contourite drift (X) dominates the Naust Formation.
This drift is classified as a giant elongated drift after Faugeres and Stow

15

(2008), and its presence indicates that contour currents controlled the
sediment transport and deposition in the distal margin areas (Fig. 11b).
This interpretation coincides with the iceberg drift pattern on the mid-
Norwegian margin, revealing that a persistent ocean circulation with
NE-flowing currents existed here through the Quaternary (Montelli
et al., 2018; Newton et al., 2018). Contourites also represent a signifi-
cant part of lower Quaternary sediments in the northern North Sea
Basin, south of the study area (Batchelor et al., 2017). The fact that Drift
X lies directly on top of contouritic deposits within the older Kai For-
mation (IV), suggests that these currents were active, without significant
disruption, from mid-Miocene.

The cause of the abrupt decrease in sediment thickness of the Naust
Formation across the Bivrost Lineament is uncertain, but it may be
related to late tectonic activity and uplift of the Lofoten-Vesterélen re-
gion, where this lineament played an important role (Fig. 10d). The
absence of a major glacial progradational wedge in the Lofo-
ten-Vesterdlen region is likely related to the continued presence of
onshore alpine mountains that reduced delivery of glacigenic sediments
to the adjacent margin and basin (Ottesen et al., 2005). However, three
significantly smaller glacigenic progradational systems fill in canyons on
the upper Lofoten-Vesterélen slope beyond the trough mouths (Figs. 9a,
11b). These systems probably formed due to glacial drainage from local
ice caps. The bank-trough configuration in the modern shelf setting
(Fig. 2b), as well as the moraines, grounding zone wedges and glacial
lineations identified by Vorren et al. (2015) support a glacial environ-
ment. The seafloor morphology reveals a direct connection between
cross-shelf troughs and the head of canyons on the slope. This connec-
tion suggests that paleo-ice streams from the ice caps had their outlet at
the head of these canyons, which resulted in delivery of subglacial
sediments directly into the canyons, where they later remobilized
downslope as debris flows and turbidity currents, ending up in the
Lofoten Basin (Figs. 2b, 10d).

Downslope of the glacigenic progradational systems, the previously
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described Lofoten and Vesterdlen drifts (Laberg et al., 1999, 2001) are
situated between zones of mass-transport deposits and sediment bypass
(Table 2). Our mapping shows that both drifts overlie the top Kai/Molo
horizon, which implies that they started to accumulate as late as early
Quaternary and not in the mid-Miocene, as previously suggested by
Laberg et al. (2001). Intervals of mass-transport deposits occur
throughout both drift bodies, indicating that mass wasting processes
also affected drift evolution.

The Lofoten Basin is dominated by mass-transport deposits in
continuation of the largest canyons on the slope, implying that these
were active transport systems during the Quaternary (Figs. 2a, 10d). The
largest accumulation occurs beyond the outlet of Andgya Canyon near
Andfjorden, suggesting that this system was one of the most efficient
transport routes from the slope to basin (Fig. 10d). This efficiency was
likely related to high sediment input from paleo-ice streams along
Andfjorden Trough on the adjacent shelf (Amundsen et al., 2015), as this
trough acted as one of the main pathways for fluvial and glacial drainage
systems from central Fennoscandia (Vorren and Plassen, 2002; Ottesen
etal., 2005; Rise et al., 2013; Rydningen et al., 2013, 2016). Glacimarine
sediments are also present in the Lofoten Basin together with an elon-
gated separated drift (XI) that is confined to the basin flank off Vester-
dlen. This drift demonstrates that there was deep-water transport of
sediments also in this area, similar to the drift in the deeper areas of the
mid-Norway region (drift X) (Fig. 11b).

The E-W progradational style of the mid-Norwegian Naust wedge,
and its maximum thickness near the outlet of Vestfjorden indicates that
the Scandes Mountains in the east were the main sediment source
(Fig. 11b). A similar through-canyon transport path for the smaller
progradational systems in the Lofoten-Vesteralen region points to the
alpine Scandes Mountains as the likely source area also for these sedi-
ments (Fig. 11b). The northernmost depocenter in the Lofoten Basin
prograded from north to south, indicating that these sediments were
sourced from the north, and represent parts of the Bear Island TMF that
prograded into the abyssal plain of the Lofoten Basin (Figs. 10d, 11b)
(Vorren and Laberg, 1997; Laberg et al., 2018).

The SW-NE orientation of the contourites along both margin seg-
ments implies a source area to the south. Substantial intensification of
drift deposition in the Lofoten—Vesterélen region during the Quaternary
compared to the Miocene and Pliocene was probably related to the
glacial margin progradation in the mid-Norwegian region. This build out
presumably provided source material available for redistribution
northwards to the Lofoten-Vesterélen area via ocean currents.

5.3. Source-to-sink models on glaciated continental margins

The study area shows similarities with morphological characteristics
of source-to-sink systems proposed by Sgmme et al. (2009), Helland-
Hansen et al. (2016) and Nyberg et al. (2018b). The mid-Norwegian
region is comparable with “wide and deep” systems that have small
mountainous source areas, wide and low-gradient shelves, few or no
canyons on the slope, and deep basins (Figs. 13a, b) (Helland-Hansen
et al., 2016; Nyberg et al., 2018a, 2018b). The Lofoten—Vesterélen re-
gion has a similar morphology as “steep, short, and deep” systems that
exhibit steep gradients a prominent onshore topography, narrow
shelves, deep basins and a sediment transport to the deep-marine realm
through submarine canyons (Figs. 13c, d) (Helland-Hansen et al., 2016;
Nyberg et al., 2018b).

The relative importance of along- and downslope processes in the
study area was likely controlled by topographic variations along the
onshore hinterland and margin, as well as by global climate (glacial and
non-glacial). The main sediment input was from the mainland in the east
and the marine environment in the south, of which sediments were
brought to and redistributed from the margin and deep basins by
different processes (Figs. 12, 13). Fluvial and glacial processes were
efficient transport agents for sediments from the mainland, while ocean
currents transferred sediments from the south.
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Similar shelf progradational glacigenic wedges, with a low-relief
hinterland as on the mid-Norwegian margin are observed on other
glaciated margins, such as on the Canadian Atlantic margin (e.g., Piper,
2005), Argentine margin (Gruetzner et al., 2012) and parts of the Ant-
arctic margin (Cooper et al., 1991; Kuvaas and Kristoffersen, 1991; De
Santis et al., 1995; Kim et al., 2018; Conte et al., 2021). In contrast,
similar types of continental margins as the Lofoten-Vesteralen margin,
with an alpine hinterland, narrow shelves and steep slopes generally
with less developed TMFs, are also found on parts of the northern
Svalbard margin (Lasabuda et al., 2018), on the SE and SW Greenland
margin (Clausen, 1998; Rasmussen et al., 2003a; Nielsen et al., 2005;
Batchelor and Dowdeswell, 2014) and along the Antarctic Peninsula
(Hernandez-Molina et al., 2017).

Both margin types in this study and in the examples above from other
areas are overlain by the global ocean conveyor belt, where contourites
typically accumulate (Fig. 13) (e.g., Faugeres et al., 1993; Gilbert et al.,
1998; Hernandez-Molina et al., 2009; Rodrigues et al., 2021). Ocean
currents are therefore an important sediment transport mechanism
along such margins of which is often neglected in source-to-sink models.
Helland-Hansen et al. (2016), touched upon the influence of alongshore
current transport on these systems but it is not fully accounted for in
their models. The significant volume of contourites interpreted in this
study demonstrates that future work on source-to-sink models should
more often consider the role of ocean currents, and thereby the potential
for multiple sources to the sink. This interpretation is supported by
volume calculations of mostly Cenozoic sediments along other sectors of
the Atlantic margin, such as offshore United States and Canada where
contourite deposition have been estimated to account for sediment
volumes of ¢. 683,000 km?®, while submarine fan deposition accounted
for a volume of only c. 178,000 km?® (Mosher and Yanez-Carrizo, 2021).

Our results further show that the underlying relief has influenced the
sedimentation pattern of contourites. On wide and gentle margins with
structural highs, thick drifts typically fill in bathymetric lows between
the highs due to a reduction in current velocities. This antecedent
morphologic influence on drift development leads to a new class of
contourite drift that we term “structurally-controlled” drifts (Fig. 13a).
In contrast, the thin sediment cover between the drifts, i.e., at the
structural high crests, reflects areas of erosion where current velocities
exceed the threshold for deposition. These velocities may be related to a
funneling effect for the ocean currents in these areas. By contrast, nar-
row and steep margins favor development of giant elongated separated
drifts; an drift type that is separated by moats where the principal flow
was focused, and where erosion or non-deposition dominated (Figs. 13c,
d) (Rebesco et al., 2014).

6. Conclusion

The Neogene-Quaternary paleoenvironmental evolution of the
northern mid-Norwegian and the Lofoten-Vesterdlen margins is deci-
phered mainly using 2D seismic data and exploration wells. The
following conclusions can be made:

1. A total of 11 new contourite drifts, named I-XI, have been defined in
the Kai and Naust formations. These drifts are up to 280 km long,
150 km wide and 960 ms TWT thick. Together with previously
known drifts from this area (Nyk, Sklinnadjupet, Lofoten and Ves-
teralen drifts), they represent part of one large drift system related to
NE-flowing Atlantic Water through the Neogene and Quaternary.
Some drifts accumulated on a complex underlying relief with struc-
tural highs, and we therefore propose a new class of drift types, here
named structurally-controlled drifts.

2. Kai Formation is on the mid-Norwegian margin mostly composed of
drifts that commenced in the mid-Miocene (slightly before 11 Ma),
while a mix of drifts and mass-transport deposits is interpreted for
the Lofoten—Vesterdlen margin. The drifts probably developed
because of regional ocean circulation in the Norwegian-Greenland
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Sea, following opening of Fram Strait (17 Ma) and subsidence of
Greenland-Scotland Ridge (12 Ma). Ridge subsidence to the south
was likely a key factor, as it occurred almost synchronously with the
onset of drift growth.

3. Molo Formation initiated on the mid-Norwegian shelf in the late
Miocene (8.8 Ma). Coastal progradation of this formation inter-
fingered with drift growth on the slope in Kai Formation, showing
contemporaneous deposition of the two formations up until 2.7 Ma.

4. The late onset of Molo progradation (8.8 Ma) compared with timing
of the mid-Miocene Climatic Optimum (17-15 Ma), favors Miocene
uplift over climatic cooling as the initiation mechanism; a mecha-
nism that also supports the “classical” hypothesis concerning the
origin of the Scandes.

5. Although Naust Formation in the mid-Norwegian region mainly built
out as a glacigenic progradational wedge throughout Quaternary
(2.7-0 Ma), its development was also characterized by significant
intervals of contourite sedimentation. A similar progradational
wedge is less prominent in the Lofoten—Vesterélen region, where
downslope sedimentation was canyon-controlled, while ocean cur-
rents redistributed sediments from the south and constructed the
large Lofoten and Vesterdlen drifts in the Quaternary (previously
assumed to be of Miocene age).

6. The distinct difference in margin construction between the mid-
Norwegian and Lofoten-Vesteralen segments is believed to result
from hinterland and basin topography. The low-lying hinterland of
the mid-Norwegian region allowed for a large fluvial and later glacial
source area, where the adjacent broad and low-angled margin
facilitated extensive progradational sequences from these. Such
progradational sequences are restricted in the narrow and steep
Lofoten—Vesterdlen region, as the sediments here originated from a
small alpine hinterland that were mostly routed through canyons
into the deep basins.

7. Drift construction occurred in both margin segments throughout the
Neogene and Quaternary, where contour currents brought sediments
from parts of the margin further south. The widespread drifts
demonstrate the importance of ocean currents in source-to-sink
systems and underlines the need for ocean currents that both erode
and deposit sediments, to be integrated in future source-to-sink
models.
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