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Models of the sedimentary architecture of submarine channel-levee systems
and their formative flow processes are predominantly based on studies from
low latitude settings. Here, we integrate high-resolution seismic reflection,
bathymetry and GLORIA side scan data to document the architecture and
interpret the formative processes of a series of ultra-high latitude (72-76°N)
submarine channel-levee systems that feed lobe complexes off the Greenland
margin. We demonstrate that the sedimentary architecture of the channel-fills
are dominated by vertical or near-vertical sediment accumulation, reflecting
the lack of, or very limited nature of, lateral migration over time. All the
Greenland channel-levee systems show significant cross-sectional
asymmetry, and a peak sinuosity of 1.38, on a low gradient slope (~0.3°). The
bounding external levees are very thick (~200 m) and wide relative to low
latitude systems. Comparison of these channel-levee systems with other
examples reveals that these characteristics appear to be common to
systems in high and ultra-high latitudes, suggesting latitudinal controls in the
sedimentary architecture of submarine channel-levee systems. The differences
between high- and low-latitude systems is likely due to the interplay of physical
forcing (i.e., Coriolis force) and climatic factors that control sediment calibre
and flow type, both of which are latitudinally dependent. Several formative
mechanisms for supressing the initial phase of lateral migration and subsequent
asymmetrical development are proposed, including:) rapid channel
aggradation, (ii) Coriolis forcing causing preferred deposition on the right-
hand side of the channel, and iii) variance in flow properties, with traction- and
suspension-dominated flows deposited on opposing sides of the channel. We
argue that a high latitudinal location of larger channel-levee systems may result
in the dominance of vertical stacking of channels, the construction of large
external levees, and the development of a low sinuosity planform.
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1 Introduction

Submarine channels form the main conduit for sediment
transport from terrestrial to deep-water settings via a range of
sediment-gravity currents. Many studies have examined the
evolution (e.g. Peakall et al, 2000; Romans et al, 2011;
Sylvester et al., 2011; Janocko et al., 2013; Hansen et al,
2017), flow processes (e.g., Peakall et al., 2000; Corney et al,
2006; Kolla et al., 2007; Mohrig and Buttles, 2007; Ezz et al., 2013;
Ezz and Imran, 2014; Dorrell et al., 2018; Palm et al., 2021), and
sedimentary architecture (e.g., Pirmez and Flood, 1995;
Posamentier and Kolla, 2003; Mayall et al, 2006; Deptuck
et al., 2007; Wynn et al., 2007; Gamberi et al., 2013; Jobe
et al, 2016) of low- and mid-latitude submarine channels.
These observations have led to the development of a number
of models for sinuous submarine channel-levee systems (e.g.,
Peakall et al., 2000; Stow and Mayall, 2000; Deptuck et al., 2007;
McHargue et al., 2011).

While submarine channel sinuosity has previously been
thought to be analogous in many respects to fluvial systems
(e.g., Flood and Damuth, 1987; Clark et al., 1992), it has been
argued that there is latitudinal variation in the peak sinuosity of
channels, with low sinuosity at high-latitudes and vice-versa
(Peakall et al, 2012; Peakall et al, 2013). Incorporation of
end-member examples with sinuosity measured over a single
bend wavelength, to examples dominantly measured over reach
scales, has been used to argue against this relationship (Sylvester
and Pirmez, 2019). However, irrespective of these arguments,
there is a near absence of higher sinuosity systems north or south
of ~50° (Peakall et al., 2012, 2013) and no examples beyond ~55°.
It has been postulated, that in many cases, high latitude channel
system evolution, morphology, and sedimentation vary
significantly from low latitude systems, through a combination
of physical forcing, and climatic-driven processes such as flow
type and sediment calibre (Peakall et al., 2012; Cossu and Wells,
2013; Cossu et al., 2015; Davarpanah Jazi et al., 2020).

The influence of the Coriolis force on submarine channels,
has in particular, been examined. Preferential deposition along
one side of the channel, both inside and outside the channel, is
predicted in systems where Coriolis forcing is dominant over the
centrifugal force (Cossu and Wells, 2013; Wells and Cossu, 2013;
Cossu et al., 2015; Davarpanah Jazi et al., 2020). The effect of a
dominant Coriolis force results in the deflection of flows, and
therefore overbank deposition to the right of the flow direction in
the Northern Hemisphere (and left in the Southern Hemisphere).
Physical experiments have also shown the importance of Coriolis
forcing on different flow types, with traction and suspension-
dominated intra-channel flows exhibiting opposing deposition/
erosion patterns (Cossu et al., 2015; Davarpanah Jazi et al., 2020).
Traction dominated intra-channel sedimentation is to the left
hand side (as looking downstream) in submarine channels in the
northern hemisphere. In contrast, suspension dominated
sedimentation follows the density field, which may be on the
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right hand side, or alternate between bends, depending on
whether the velocity and density fields are coupled or
uncoupled (Cossu et al., 2015; Davarpanah Jazi et al., 2020).
These hypotheses have only been validated against contourite
channels (sensu Akhmetzhanov et al., 2007; Stow et al., 2013) at
ocean gateways (Cossu et al., 2015), and examples of deep-ocean
channels (sensu Peakall and Sumner, 2015), specifically the North
Atlantic Mid-Ocean Channel (NAMOC) and the North Pole NP-
28 Channel, which are not associated with prominent fan
deposits (Cossu et al., 2015; Boggild and Mosher, 2021).

The presence of tributary channel systems, which are likely
more common in high-latitude systems where glacial inputs are
line sourced (zone of input points across an area) rather than
point sourced (single input point), has also been suggested as an
important control on channel morphology, albeit these can also
be found in some low latitude examples (Bourget et al., 2008;
Sylvester and Pirmez, 2019). Sylvester and Pirmez (2019) also
argue that the type of channel influences its sinuosity, and that
broad deep-ocean channels favour low sinuosity, in contrast to
river-dominated submarine fan channels.

These hypotheses are hard to test, as detailed studies of
high latitude submarine channel systems remain limited, and
have been dominated by broad deep-ocean channels (e.g.,
Klaucke et al., 1997; Boggild and Mosher, 2021). Therefore
there is a need to assess additional high-latitude submarine
channels, and in particular high latitude channel-levee
systems associated with down-dip fan deposits. Here we
use reprocessed seismic reflection data from the Greenland
Basin to study multiple high latitude submarine channel-levee
systems and their evolution for the first time. Previous authors
have noted the existence of these channel systems whilst
examining broader scale basinal features and implications
for glacial processes (Mienert et al., 1993; O Cofaigh et al,,
2002; Wilken and Mienert, 2006; Berger and Jokat, 2008).
Other authors have examined the influence of glacial cyclicity
upon the channel planform morphology and associated
seafloor landforms in the surrounding basin (O Cofaigh
et al., 2004; Garcia et al., 2012; Garcia et al., 2016), but no
studies have examined their stratigraphic evolution and
architecture, nor proposed a process-based mechanism for
their formation.

By wusing a multi-dataset approach, the planform
morphology and architectural observations from a set of
glacially-influenced, high latitude (72-76°N) channel-levee
systems are documented. This work addresses the following
objectives: 1) to describe the architectural variations between
high- and low-latitude channel-levee systems; 2) to examine
the large-scale variation in channel evolution between high-
and low-latitude systems; and 3) to discuss the underlying
process-controls on high-latitude submarine channel-levee
systems. These different aspects are combined into a new
model for high latitude channel-levee system evolution and
sedimentary architecture.
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FIGURE 1

Regional map of the Greenland Basin, with the study area
outlined (also shown in Figure 2A). Location map showing
Greenland and NW Europe in bottom right corner, for regional
context. Bathymetric trough locations taken from Wilken and
Mienert (2006) KFJ = Kejser Franz Josef margin. Background
image from Google Earth. The Norske Margin and KFJ Margin
terms follow those of Garcia et al. (2012) where these are defined
as the areas off of the Norske Trough and Kejser Franz Josef Fjord
respectively. Thus these terms refer to the northern and southern
ends of the study area, and are local to these areas; therefore the
geographic boundary between these two areas is undefined
(Garcia et al, 2012).

2 Geological setting
2.1 NE Greenland

The study area is located within the Greenland Basin,
offshore NE Greenland, between the latitudes of ~72-76'N
(Figure 1). The basin is bounded by the Greenland Fracture
Zone to the north, the Jan Mayen Fracture Zone to the south, and
the Mid-Atlantic Ridge to the east (Figure 1). The basin has
undergone compression, extension, uplift, subsidence and
magmatism since initial break-up of the Norwegian-Greenland
conjugate margins in the early Eocene (Lundin and Dore, 2002;
Voss and Jokat, 2009), but salt is not observed in contrast to the
Danmarkshavn Basin to the north (Rowan and Jarvie, 2020). The
Kejser Franz Josef margin (KFJ) forms a 180 km-wide shelf in the
southwest of the study area, with a 3° continental slope from the
shelf break at ~—350 m to depths of up to —2,300 m. The shelf
widens northwards to 220 km at the Norske Margin (NM).

2.2 Glacial history and palaeoceanography

Detritus carried by the Greenland Ice Sheet provided the
main source of sediment, with increased outer shelf and
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continental slope deposition coincident with intensification
of glacial activity during the Plio-Pleistocene (Garcia et al.,
2012). Glacial sediments were deposited on the outer shelf and
continental slope during the Early and Late Pliocene
(Vanneste et al., 1995; Solheim et al., 1998), with a further
phase of deposition linked to the final advance of the
Greenland Ice Sheet in the Saalian (Hikansson et al., 2009).
The maximum extent of the ice sheet is still under discussion.
Some authors argue for a maximum ice extent similar to the
present day (Andrews et al., 1996; Funder and Hansen, 1996;
Hjort, 1997), with glaciation limited to the inner continental
shelf. However, more recent work has provided direct
evidence, in the form of '"Be-dated erratic boulders and
terminal moraines from the Scoresby Sund area, for ice
sheet advance across the shelf, delivering debris and
sediment-laden meltwaters directly to the continental slope
(Evans et al., 2002, 2009; Hakansson et al., 2007; Dowdeswell
et al.,, 2010). Average sedimentation rates during the Plio-
Pleistocene are estimated to vary from 0.048 m kyr ™' (Berger
and Jokat, 2008) to 0.16 mkyr™' (O Cofaigh et al., 2004),
reaching a peak of 0.79 m kyr™' during glacial maxima (O
Cofaigh et al., 2004). From the start of deglaciation of the
margin 17-18 ka (Evans et al., 2002) to ~13 ka there was a
transition from dominantly glacially-influenced debris flow
and  turbidity current deposition to  hemipelagic
sedimentation (O Cofaigh et al, 2002; O Cofaigh et al.,
2004; Wilken and Mienert, 2006). The decrease in turbidity
current and debris flow frequency during deglaciation
suggests rapid sediment delivery during full glacial, and
2009;
Winkelmann et al,, 2010). Due to the nature of glacial

retreating  glacial conditions (Evans et al,
sedimentation, the basin likely underwent several cycles of
waxing and waning sediment supply (Vorren et al., 1998).
The modern ocean current regime is characterised by two
strong, southward flowing thermohaline currents. The East
Greenland Current transports polar water at depths of up to
~-200 m the Atlantic ranges
from —150 to —800 m depth, transported along the shelf and

slope (Wilken and Mienert, 2006). Previous studies have inferred

and Return Current

that surface ocean currents in the eastern North Atlantic during
Plio-Pleistocene glaciations were broadly similar to the present
day (Newton et al., 2018). Further to this, basins to the north of
the Greenland Fracture Zone (Figure 1) report the presence of
contourite deposits related to the opening of the Fram Strait in
the Miocene (Dossing et al., 2016). However, drift sheets and
other features of contourite deposition are unreported in the
study area, although several contourite drifts are reported at the
same latitude of the study area on the Norwegian side (e.g.,
Rebesco et al, 2013; Rydningen et al, 2020). Furthermore,
previous studies have identified morphological characteristics
of overbank deposition as indicative of turbidity current
overspill, as opposed to contour current deposition (Garcia
et al., 2012).
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(A) IBCAO bathymetric dataset, and GLORIA dataset (outlined in red) used in morphometric analysis. 2D seismic survey delineated in blue, with
corresponding figure numbers. Channel systems studied shown in cyan, magenta, yellow and green. Orange lines mark the trend of former glacial
troughs in Garcia et al. (2012); Norske T.: Norske Trough; Hochst: Hochstetterbugten; Dove B: Dove Bugt; KFJ F.: Kejser Franz Josef Fjord. (B)
Location of profiles used to parameterise channel shown in cyan, with the transition from C1 feeder channel to C1 main channel delineated in
purple, and C1 main channel to distributary channel delineated in orange. C3 proximal to mid-channel delineated in green, and mid-channel to distal
channel delineated in red. (C) Parameter calculations for cross-sectional channel analysis. (D) Parameters for planform channel analysis.

2.3 Study area

The study area covers parts of the continental shelf and the
continental slope from the shelf break to the deep basin
(350-3,700 m below mean sea-level). Numerous volcanic
edifices are present on the basin-floor that influence sediment
dispersal patterns, including the Vesteris Seamount in the east of
the study area (Figure 2). Two different sedimentary regimes
were present in the Greenland Basin: 1) the northern Norske
Margin, dominated by sediment remobilisation on the
continental slope and stacked debris flow lobes on the
and 2) the

characterised by well-developed channel-levee systems and

continental rise, southern KFJ margin,

lobes (Figure 3). The northern Norske margin sedimentation
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has been affected by some regional seismicity, in contrast to the
south (Garcia et al,, 2012). In the southern KF] margin, four SW-
NE trending channel-levee systems are present and extend for
~400 km, following the regional slope gradient (O Cofaigh et al.,
2004). Two of these transition north-eastwards into submarine
lobe complexes (herein named Cl and C3), and two others
become morphologically indistinct to the NE (herein named
C2 and C4) (O Cofaigh et al., 2004; Garcia et al., 2012) (Figure 2).
The channel-levee systems are adjacent to three shelf-crossing
bathymetric troughs, themselves adjoining the mouths of major
fjords to the west (Dowdeswell et al., 1998; Vorren et al., 1998; 0]
Cofaigh et al., 2004; Wilken and Mienert, 2006; Garcia et al.,
2012). Two further shelf troughs in the north of the basin
(Figure 1), likely also provide major sediment fairways (O
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NW  Tabular turbidites, Another MTC, or
or C3 levee continuation of MTC

C3 frontal lobe

2D seismic sections (3A updip, through to 3C downdip) showing temporal evolution and cross-cutting relationships of C2-C4, beginning with
mass-transport complex emplacement, followed by frontal lobe deposition. (A) Shows propagation and deposition of C3, with C2 cutting into the
right-hand levee of C3. (B) Cross-section taken ~60 km further down dip, showing a thicker package of frontal lobe deposits, overlain by C3, the left
levee of which is cut by C4. (C) (~75 km down-dip) shows further thickness increases of frontal lobe deposits, as well as C4 again cutting into the

left levee of C3. The frontal lobe deposits are linked to channel C3 because only C3 is present in section A, it underlies the C3 channel and levees in
sections B and C, and because C2 and C4 are shown to be younger than C3. Channel cross-section locations are shown in Figure 2A.

Cofaigh et al., 2004). The southernmost system (Cl; traced
furthest up-dip) is characterised by numerous branching
tributaries in its upstream section. This tributive network was
interpreted by O Cofaigh et al. (2006) to result from hyperpycnal-
dominated input, with downslope convergence into a larger
trunk channel (Figure 2). The C2-C4 channels all initiate in
close proximity to one another, and are likely sourced from the
same bathymetric troughs, providing a similar sediment supply
regime (Figure 2).

3 Methodology
3.1 IBCAO and GLORIA

Morphological observations and mapping were conducted
using bathymetric data, and a long-range, side scan GLORIA
dataset, the latter covering an area of 115,000 km? (Figure 2A).
Receivers for the GLORIA data were towed at a spacing of 400 m,
at 50 m depth, operating at 6.5 kHz, with a swath width of 50 km.
The GLORIA data were compiled into a mosaic with a scale of 1:
375,000 and a resolution of 50 m x 50 m per pixel on a polar
stereographic projection (Mienert et al, 1993; Wilken and
Mienert, 2006). Morphometric analysis of bathymetry utilised
the International Bathymetric Chart of the Arctic Ocean
(IBCAO) version 4.0 which was compiled using a base grid
resolution of 2 km x 2 km, merged with higher resolution grids of
0.2 km x 0.2 km and 0.1 km x 0.1 km grids on an IBCAO polar
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stereographic projection (Jakobsson et al., 2020. These higher
resolution datasets are in this area dominantly sourced from
multibeam data, along with gridded compilations (Jakobsson
et al., 2020 their Figure 4).

Sonar and bathymetric datasets were imported into ESRI
ArcGIS® to create a regional base map with an area of
~330,000 km*> (Figure 2A). IBCAO and GLORIA data were
analysed in ESRI ArcGIS® to pick channel paths and
undertake mapping of other geomorphic features. Geometric
channel profiles were extracted perpendicular to local channel
orientation, at intervals of ~5km, from west to east facing
downstream (location shown by cyan lines in Figure 2B) and
were used to collect morphometric data. From these sections,
channel width and channel margin/levee height above channel
floor were determined (Figure 2C), permitting quantitative and
qualitative analysis of channel morphology. Channel width was
calculated between levee crests. Channel margin/levee height was
calculated by projecting crest height over the thalweg and
measuring the difference, and is used in place of channel
depth due to significant asymmetry in overbank height
(Figure 2C). Channel margin is used instead of levee along
some of the channel, for sedimentary deposits where no
specific overbank geometry is visible, with levee reserved for
These datasets
combined into scatter plots to allow study of the downstream

wedge-shaped geomorphic features. were

variation in channel width, channel margin height and sinuosity

along each channel. Geomorphic features were classified as
depositional elements based on planform and cross-sectional

frontiersin.org
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Comparison of sinuosity, channel width, channel margin height (‘right and left margin’ in legend), thalweg depth and profile symmetry for C1.
Convergence and divergence of the channel path are represented by purple and green lines, respectively. Missing gaps in channel height and width
measurements are through degradation of the channel form in the data, likely related to vertical resolution, although planform expression is still
present. Right and left channel margin with respect to flow direction. ‘Slumped margin’ refers to slumping of the channel margin.

geometry, relationships to other features in the basin, and were
combined with seismic datasets where available to validate
element interpretation. Channel planform was delineated
using bathymetric and GLORIA data, with shape-files of
channel planform imported into Petrel to provide context for
subsurface datasets. Channel sinuosity was determined using the
Hansen et al. (2017) methodology, with average sinuosity
calculated over 5km using a sliding window, with a 1km
overlap between each window, by dividing channel thalweg
length (L) by average channel course (S) to determine reach
sinuosity (Figure 2D).

Individual morphological measurements will have error bars
attached which in an absolute sense for any given cross-section
width estimate may be substantial (e.g., absolute maximum error
bar for the 0.1 x 0.1 km grid is 70.7 m; see Palm et al., 2021).
However, the errors of interest are not absolute values as there
will be both positive and negative errors on the two end points of
each section. Furthermore, combined measurement for say
average channel width are much reduced as with increasing
numbers of measurement points errors tend towards zero (see
Palm et al., 2021 for a detailed discussion of errors in bathymetric
data). Given the combined bathymetric dataset is based on
different data types that comprise multiple resolutions, actual
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errors are not calculated herein (see Jakobsson et al., 2020 for
discussion), but measurements of >65 cross-sections for each of
the two analysed channels, and channel widths of ~1-7 km
suggests that measurement error as a function of channel
width is comparatively small.

3.2 Seismic reflection survey

One thousand nine hundred and 50 km of multi-channel,
time-migrated, 2D seismic reflection surveys (line location
represented by blue lines in Figure 2A) were used to study
subsurface architecture, and system evolution through time.
Data were collected in 2003 with 3 km long streamers and a
source array comprising 5 x 9L airguns. No frequencies
higher than 100 Hz were anticipated. Data binning used a
spacing of 25 m, and the nominal vertical resolution is 10 m
(i.e., % of the wavelength of a 50 Hz wavelet, travelling at
2000 m s™'). The dataset was reprocessed in 2010 and is
presented in European standard polarity, with the positive
reflection coefficient and impedance contrast at the seafloor
reflector represented by a red trough; data are assumed to be
zero phase. Quantitative architectural measurements were
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TABLE 1 Seismic facies found within the Greenland Basin; seismic data are in SEG negative standard polarity.

Seismic facies

Base of slope

Description

Variable amplitude, semi-continuous to chaotic
reflectors, with erosive base and uneven top, at the
base of slope.

Low to high amplitude, chaotic reflectors with
erosive base and uneven top.

Interpretation

Internal character suggests disaggregated material,
with erosive base and irregular top suggesting slump
deposits (Posamentier and Kolla, 2003; Gamboa et al.,
2011; Olafiranye et al.,, 2013; Ortiz-Karpf et al., 2017).
Pictured is one event, but multiple, stacked examples
are evident.

Chaotic internal reflectors, suggest disaggregated
material, with an erosive base and irregular top,
indicate debris flow deposits (Posamentier and Kolla,
2003; Gamboa et al., 2011; Olafiranye et al., 2013;
Ortiz-Karpf et al., 2017).

Channel-levee
system (deep basin)

Distal basin £

Frontiers in Earth Science

High amplitude, planar to chaotic reflectors,
underlying present day channel systems.

Wedge-shaped geometry with low to moderate
amplitude (amplitude decreasing away from
channel), planar to sub-planar continuous
reflectors, associated with proximal and mid-
sections of channel-levee systems.

Low to moderate amplitude, continuous,
undulating reflectors, associated with overbank
deposition of proximal channel-levee systems.

Moderate to high amplitude, continuous to
discontinuous, sub-planar reflectors, overlying
large mass-transport complexes and underlying
channel-levee system.

Mounded package of low to moderate amplitude,
chaotic reflectors with erosive base and uneven top,
proximal to Norske Margin slope.

07

Erosive features underlain by high amplitude,
discontinuous reflectors, interpreted as a submarine
channel, with partial fill (Posamentier and Kolla,
2003).

Low to moderate amplitude, wedge shape and
location relative to channel system indicate external
levee (Nakajima and Kneller, 2013).

Ridge-like feature with crest and trough orientated
sub-parallel to the channel, interpreted as sediment
waves (Posamentier and Kolla, 2003).

High amplitude, continuous reflectors suggest
unconfined deposition, interpreted as frontal lobe
complexes (cf. Posamentier and Kolla, 2003, using
terminology of Flint et al., 2011; Hodgson et al.,
2016). Equivalent to many examples of High
Amplitude Reflector Packages (HARPs) sensu
Normark and Damuth (1997).

Low amplitude, chaotic internal reflectors suggest
disaggregated material, with mounded appearance
typical of debris flow lobes (cf. Posamentier and
Kolla, 2003).

(Continued on following page)
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TABLE 1 (Continued) Seismic facies found within the Greenland Basin; seismic data are in SEG negative standard polarity.

Seismic facies Description

Throughout basin Extensive thin packages of low amplitude,
continuous, planar reflectors.

A I VN -
R R o = —ryus.

e 5000 m

Non-penetrative, internally chaotic topographic
highs of varying amplitude.

Proximal channel Mid channel

Interpretation

Continuous reflectors throughout large parts of basin,
indicate a lack of confinement, suggesting deposition
from meltwater pulses (e.g., Leng et al. 2018; Leng
et al. 2019), failure and transformation of glacigenic
debris flows (e.g., Piper et al., 2012), or long run-out
turbidity currents generated by other submarine
sediment failure (e.g., Clare et al., 2014).

Irregular seafloor expression, and low amplitude,
internally chaotic reflectors indicate volcanic edifices
(Garcia et al., 2012).
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Comparison of sinuosity, channel width, channel margin height (‘right and left margin’in legend), gradient, thalweg depth and profile symmetry
for C3. The divergence of the channel path is represented by a green line. Right and left channel margin with respect to flow direction. ‘Slumped

margin’ refers to slumping of the channel margin.
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calculated after depth conversion of the seismic grid using the
velocity model outlined in Berger and Jokat (2008), and
Due to data

degradation after depth conversion, architectural mapping

assuming constant internal velocities.
was undertaken in two-way time (TWT). Conventional 2D
mapping techniques were used to interpret the evolution and
architecture of the channel-levee systems and additional

depositional landforms (Table 1).

4 Results
4.1 Channel geomorphology

Seismic facies have been determined (Table 1) and in
conjunction with bathymetric, GLORIA and 2D
reflection datasets, are used to interpret channel geomorphology
and stratigraphic relationships. Four major channel-levee systems
(named C1 to C4 from south to north) have been identified in all
three datasets, spatially related to large cross-shelf bathymetric
troughs on the KF] margin that terminate at the heads of the

seismic
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(A) Planview of terrace surfaces in a low sinuosity section of channel C1, with (B) showing a possible slide scar. (C,D) Cross-sectional profiles of
terrace surfaces, with slip surfaces interpreted based on geomorphic signature. (E,F) Planview and 3D view of terrace surfaces. (G) Cross-sectional
profile showing a stepped geometry with slip surfaces interpreted. (H) Cross-sectional profile showing stepped and planar geometries, interpreted as
a possible slip surface and point bar deposit. (1,J) are interpreted as inner external levee failure and point bar deposits, respectively.
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channel-levee systems (Figure 1). Channel systems overlie tabular
packages that thicken down-dip (Figure 3), interpreted as frontal
lobes formed where flow expands from a channel mouth (sensu Flint
etal, 2011; Hodgson et al., 2016), which overlie large (~250 m thick)
mass transport complexes (MTC’s). C1 and C3 exhibit the greatest
degree of down-cutting into underlying deposits, the largest levees,
and the most prominent surface expression, and consequently we
primarily focus on these two systems. No age relationships between
ClI and C3, Cl and C2, or C2 and C4 can be drawn from the data.
However, C2 incises into the right levee of C3, and C4 incises into
the left levee of C3 (Figure 3), indicating that C2 and C4 are younger
than C3.

4.1.1 Channel-levee system C1

The southernmost channel-levee system, named ClI in this
study, has been studied by previous authors (e.g., Mienert et al.,
1993; Dowdeswell et al., 2002; O Cofaigh et al., 2004; Wilken and
Mienert, 2006; Garcia et al., 2012). Based on planform and cross-
sectional observations, the C1 system has been divided into three
segments: proximal feeder channels, a main channel-levee system,
and distal distributary channels, with changes in cross-sectional
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FIGURE 7

(A,B) Interpreted seismic cross-sections (locations shown in Figure 2A) from different channel locations, with vertical channel stacking outlined,
and shown in (D—@G). Significant levee asymmetry is also evident in (C), with the levee reaching ~40 km in width.

TABLE 2 Dimensions of right-hand external levees in the Greenland Basin.

Levee name Distance

down system (km) (m)
C3(A) 265 200
C2(A) 21 110
C3(B) 94 175
C3(C) 166 94

profile corresponding to changes in planform geometry (Figures 3,
4). These subdivisions are based on planform morphology, as well
as width, depth, and the development or degradation of external
levees. Subdivisions are delineated in planform by navy blue and
orange lines on Figure 2B.

Sinuosity, channel width and channel margin height above
channel floor for CI are compared in Figure 4. Peak sinuosity is
1.34 (rounded to 1.3) - observed in the mid-section of the channel
close to the Vesteris Seamount (Figure 4). Right-hand channel
margin height is consistently higher than left-hand, except for
~10km between 30 km and 40km along system, with
fluctuations down dip, and is highest in the middle of the
system (Figure 4). As with channel margin height, channel
width varies and is greatest (up to ~3,500 m) in the main
channel (middle) section of the before

trunk system,

Frontiers in Earth Science

Height (from levee base)

10

Width (km) Comments

35.5 Truncated to the SE by C2, see Figures 3A, 7B, 8.
>19 Continues beyond edge of data.

40 See Figures 3B, 7C.

31.5 Planar reflectors, see Figure 3C.

decreasing down dip. Deterioration in data quality (likely
related to vertical resolution) means channel path is lost in
bathymetric cross-sections between 275 and 310 km down-
system, but remains visible in planform in the side scan sonar
imagery, where channels can be seen to diverge (Figure 4).

4.1.2 Channel-levee system C3

C3 initiates ~110 km northeast of C1 and is visible from a water
depth of ~2,800 m (Figure 2). Channel width and depth at this point
(Figure 5) suggests that the system originated higher on the slope,
but has been buried by a mass flow event. Sinuosity, channel width
and channel margin height above channel floor for C3 are compared
in Figure 5. Overall, system length is ~300 km, with a peak sinuosity
of 1.12 in the middle of the system (Figure 5). Three distinct channel
morphologies are observed, termed the proximal, mid, and distal
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Three possible phases
of sediment waves

FIGURE 8

Seismic reflection cross-section showing extensive, asymmetric sediment waves on the eastern levee of C3 (C3(A) in Table 2), with (B) and

without (A) interpretation. For figure location, see Figure 2A.

distributary channel (Figure 5), based on planform morphology and
cross-sectional appearance. Overall, channel margin height
decreases down-dip (exhibiting small fluctuations), with width
increasing until the transition between the proximal and mid-
channel sections, before decreasing distally and diverging a
number of times (Figure 5). System width is initially ~3 km,
although this is likely related to slumping of the external levee
on the left margin of the channel (Figure 5). The height of the right-
hand channel margin is consistently higher than the left-hand
(Figure 5).

4.2 Intrachannel features and stacking
patterns

A number of intrachannel features are visible in planform and
cross-sectional profiles within CI (Figure 6). In more sinuous
reaches of the channel, intrachannel features are located on the
inner bend (Figures 6A-]), and are characterised in cross-section by
stepped (Figures 6C,D,G), planar (Figures 6L]J) or hybrid
(Figure 6H) geometries. In planview, high-angle, arcuate features
correspond with a stepped geometric profile (Figures 6C,D,G), and
these features are interpreted as inner external levee failure, resulting
in deposition of an intrachannel mass-transport deposit (MTD).
Planar surfaces are restricted to the highest sinuosity sections of the
channel, and represent either point bar deposits (e.g., Peakall et al.,
2000), or terrace surfaces (sensu Hansen et al., 2015), that possibly
formed sites for subsequent deposition. In straighter and lower
sinuosity reaches of a channel, geometric profiles are also
characterised by stepped surfaces that correspond in planview
with large areas of inner external levee failure and MTD
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emplacement. Broader tectonically-driven structures are not
observed within the seismic profiles.

Multiple examples of vertical stacking of channel-fills are
observed in all systems, with limited lateral stacking (Figure 7).
Vertical stacking is present in the proximal/feeder channels of C1
(90 m of vertical aggradation; Figures 7A,E) and C3 (70 m; Figures
7B,F), and the mid-sections of C3 (80 m; Figures 7C,G), with a
slight (10s of metres) lateral component as a function of width
increase with vertical aggradation. The right-hand surface in
Figure 7D has become a surface for subsequent deposition.

4.3 External levees

Deposition on the KFJ] Margin is characterised by external levees
(Table 2) and unconfined overbank turbidity current deposition
(Table 1). Interpretation of seismic facies (Table 1) was used to
quantify the external levees (Figure 8), which are larger on the right-
hand side of channel-levee systems, decreasing in size and amplitude
down dip (Figure 3). The largest external levees are associated with
the C3 channel (Figure 3). Numerous sediment wave fields are
interpreted in up-dip areas, predominantly on the right-hand side of
the system, associated with these external levees (Figures 34, 8).

Internal properties of external levees vary along system, with the
largest, most proximal C3(A) (Figures 3A, 7B, 8) characterised by
well-developed, up-slope migrating, asymmetric sediment waves
throughout the levee stratigraphy (Figure 3A). These sediment
waves have heights of up to 25 m and wavelengths ranging from
4.5 km to 0.75 km, from channel proximal to channel distal parts of
the external levee. A system age (i.e. age of channel initiation) of
~25Ma for C3 is based on radiocarbon dating of cores (to
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FIGURE 9

Comparison of estimated velocity values for C1 (A) and Rossby numbers calculated from these values (B) using the methodologies outlined in

the main text. Velocity values are also estimated for C3 (C), and Rossby numbers for this system (D). Only two methodologies are used for C3, as grain
size data for settling velocity estimates are unavailable, and Garcia et al. (2012) only generated estimates for C1. Calculations using the superelevation
of the flow, based on levee height differences at bend apexes or straight sections, are depth-averaged approaches, with settling velocity a
localised approach. Settling velocity values have been estimated using a range of values for k (see Eq. (7) and associated text). For Rossby calculations,
radius of curvature is used for the approach using bends, with channel width measurements used as the length scale where levee heights are used in
straight sections. Note that A and B are on log scales whilst C and D use a linear scale, reflecting the range of the variables.

determine the cessation of glacially-influenced deposition), in
conjunction with seismic stratigraphy in Wilken and Mienert
(2006) and Berger and Jokat (2008), tied to ODP site 913.
Average sedimentation rate for this external levee is calculated at
0.66 m kyr ', an order of magnitude higher than the basin average of
0.048 m kyr™', over the same time period (Berger and Jokat, 2008).
Levee C3(B) (Figure 3B) shows possible smaller scale sediment
wave development proximal to the channel margin, but
predominantly exhibits planar, dipping reflectors, as does Levee
C3(C) (Figure 3C).

4.4 Flow velocity estimates and Coriolis
forcing

4.4.1 Overview

In order to assess the nature of flows in these channels,
flow velocities are calculated, and these are utilised to examine
the potential role of the Coriolis force. The relative strength of
the Coriolis force to the centrifugal force is given by the
Rossby number, which can be defined in two ways, based
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on either the radius of curvature, R, measured herein using the
method of Brice (1974) Eq. (1), or channel width, W Eq. (2).
Note that channel width is adopted when channels become
sufficiently straight, as accurately measuring radius of
curvature becomes problematic. Other parameters used in
these calculations are the depth-averaged downstream
velocity (U) and the Coriolis parameter, defined as
f=2Qsin¢g, with Q representing the Earth’s angular
rotation rate, and @ the latitude. Coriolis forcing becomes
important in systems where Rog <~10 (Peakall et al., 2013;
Davarpanah Jazi et al., 2020), and becomes dominant when
Rog <~1 (e.g., Wells and Cossu, 2013). For width-based
Rossby numbers, Coriolis forcing begins to significantly
influence flows where Row <10, with low peak sinuosity
correlating with this (Cossu and Wells, 2013; Peakall et al.,
2013).

U
Rop = ﬁ (1)
Roy = Wif @)
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A key component of Rossby calculations is depth-averaged
mean flow velocity, a difficult value to determine in subaqueous
channel systems (Talling et al., 2013). Flow velocity is estimated
with the following approaches; 1) utilising the super-elevation of a
flow at a bend apex, as measured by differences in external levee
heights Eq. (4), 2) using the same super-elevation approach but
taken along a straight channel section Eq. (6), and, 3) by estimating
the settling velocity of the coarsest grains transported Eq. (7). The
results from each methodology are shown in Figures 9A,C, and
compared with flow velocity estimates from Garcia et al. (2012),
using a fourth methodology based on using height and wavelength
of sediment waves Eq. (8) following Normark et al. (1980) and
Piper and Savoye (1993).

4.4.2 Flow estimation based on cross-channel
super-elevation

Turbidity currents in bends are known to undergo super-
elevation (the tendency for the flow to be higher on one bank
than the other, due to the upper surface of the flow being tilted in
the lateral direction) as a result of the centrifugal and Coriolis
forces. Komar (1969) related the combined effects of the
centrifugal and Coriolis forces to the opposing horizontal
pressure gradient force that balances these two forces, for a
flow at a bend apex, giving:
U _p-p AH
fr-% e

o W ®
Where p, is the density of the flow, p is the density of the
ambient fluid, g is acceleration due to gravity, and AH is the
difference in height of the flow interface (inferred as difference
in levee height). In order to overcome the fact that Eq. (3) has
two unknowns, flow velocity and flow density, Bowen et al.
(1984) modified Eq. (3) by introducing a densiometric Froude
number, F,, to give:

U=% )

WHF, R

Where H is the average height of flow. This formulation enables
use of the known relationship between Froude number and slope
based on experiments (see Bowen et al., 1984; Klaucke et al.,
1997) - calculated herein for each channel section, using:

(F,)* = 128.5tan (5)

where tan f§ is the channel slope. Eq. (5) assumes a drag coefficient
(Cy) of 0.004 for uniform flow of turbidity currents (Middleton,
1966; Bowen et al., 1984; Klaucke et al., 1997), and produces Froude
numbers that range from 0.43 to 0.56 for Cl, and 0.46-0.65 for C3.
This suggests all flows are subcritical, in agreement with typical
predictions of submarine channel flows on basin floors (Bowen et al.,
1984; Pirmez and Imran, 2003; Dorrell et al.,, 2013).

For a straight channel section, the centrifugal term 1/R can be
neglected, giving:
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AH ©

Depth-averaged velocities range from 0.9 to 1.8 ms™' for
Eq. (4) (bend apices), and 0.36-0.73 for Eq. (6) (straight
sections), using this force balance approach (Figure 9). It is
noted that the range of values from both equations do not
overlap. This variation between the two approaches perhaps
reflects the limitations of trying to balance forces at a given
point around a bend (here the apex) inherent to the Komar
(1969) approach. It is known that forces do not balance at any
given point, as shown by the dramatic changes in super-
elevation around bends (Dorrell et al., 2013; Peakall et al.,
2014).

4.4.3 Velocity estimation from grain-size data

A second approach estimates the local velocity, U, based on
sediment grain-size at that position Eq. (7), using settling velocity
(S) estimates of the coarsest observed particles.

SZ
VCr

k is a factor dependent on flow conditions, where <1 represents

U=k (7)

bedload transport, 1 is typically taken as the boundary between
bedload and suspension load, 1.25-7 suspension load,
and >7-30 washload (Bowen et al, 1984; Klaucke et al,
1997). Herein a range of values (0.75, 1 and 7) is utilised in
order to assess these different transport regimes. Two cores have
been taken in system C1, with maximum grain-size described for
the thalweg sediment as pebbly coarse sand (70 km along
system), and fine-grained sand for the sample located on a
“bar adjacent to the channel” (110 km along system) (O
Cofaigh et al., 2004). For the thalweg case, given that the term
‘pebbly coarse sand’ covers a range of grain sizes from 0.5 to
64 mm, a settling velocity using the well-defined grain-size
division of “coarse sand” was calculated, and the possible
effects of coarser sediment is discussed subsequently. Settling
velocities, for both the thalweg and bar samples, were estimated
using the data of Gibbs et al. (1971). As qualitative terms are used
to describe grain size, a range of particle sizes are used to establish
settling rate, giving downstream velocities of 0.07-0.34 m s™" for
coarse sand for k = 0.75-1, and 0.52-2.36 m s* for k = 7 at the
upper end of the suspension regime (minimum and maximum
shown on Figures 9A,C). For fine sand, velocities are estimated as
0.002-0.01 ms ' atk=1and 0.01-0.07 m s™* for k = 7, assuming
a water temperature of 5°C.

4.4.4 Overbank velocity estimation based on
antidune theory

A fourth methodology was utilised by Garcia et al. (2012)
using the relationship between sediment-wave wavelength (L)
(taken from the external levees) and densiometric Froude
number to calculate a flow height (H) Eq. (8). This approach
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is based on relationships outlined in Normark et al. (1980)
assuming that sediment waves are formed by antidunes. The
output of Eq. (8) is subsequently used in conjunction with an
estimated relative grain density (Ag) ((grain density - density of
fluid)/density of fluid) and volume concentration of sediment (C) to
generate a range of depth-averaged mean flow velocities for this
overbank setting Eq. (9), based on work by Piper and Savoye (1993).

L
H= 2nF? ®
U’ = AgCgHF,? )

The authors use a range of values for densiometric Froude
number, from 0.5 to 2.05 (Table 2 of Garcia et al,, 2012),
assuming drag coefficients in the range 0.003-0.0005 to
represent different bed conditions. C is a dimensionless
number representing sediment concentration - the authors
used values of 107 and 107, following the work of Bowen
et al. (1984) and Piper and Savoye (1993). Velocity data
estimates range from 0.11 to 0.72 ms™" (Figure 9A).

4.4.5 Velocity estimates: Summary

These different approaches generate different types of velocity
estimate. Eqs 4, 6 and 9 generate depth-averaged velocities (albeit
Eqgs 4), 6) are utilised herein for in-channel flow estimates, and Eq.
(9) for overbank estimates); in contrast, Eq. (7) gives localised
velocities for the thalweg and an elevated position within the
channel (Figure 9A). Results from the force balance approach Eqs
4 and 6 produce depth-averaged velocities for the channel of
0.12-1.6 ms™* (Figure 9A). These are much higher than the local
velocity estimated from settling velocity data from the channel bar
of 0.002-0.07 m s™* covering the full suspended load regime (k =
1-7 in Eq. (7). These low local velocities may reflect the rapid
decrease in velocity, and thus grain size with height observed in
many turbidity currents (e.g., Gould, 1951; Normark, 1989; Garcia,
1994; Buckee et al.,, 2001). Estimates for local velocity in the
thalweg based on the coarse sediment, calculated herein as
‘coarse sand’ (see earlier), range from 0.07ms™ for bedload
conditions (k = 0.75), up to 2.36 ms ' if at the top end of the
suspension regime (k = 7), thus covering the full range of depth-
averaged velocities estimated using the force balance approach
(Figure 9A). However, the description of ‘pebbly coarse sands’ (O
Cofaigh et al., 2004), suggests that the thalweg is more likely at, or
close to, the bedload-suspension threshold. Pebble sized grains
start at 4 mm diameter, and therefore for the bedload-suspension
threshold (k = 1) flow velocity is estimated to be >3.14 m s™". Given
that turbidity currents are strongly stratified in terms of velocity
and particle size (e.g., Normark, 1989; Garcia, 1994) then such high
basal velocities may be comparable to the depth-averaged
estimates obtained from the force-balance approach.

The relationship between flow height and sediment wave
wavelength is utilised in Eq. 9 and generates estimates of
depth-averaged flow velocity, for that portion of the flow above
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the external levees, of 0.11-0.72 ms™". These velocity estimates
appear too large, particularly at the top end, relative to those
estimated from the force-balance methodology for the whole
channel depth, and in comparison to the settling velocity
approach for fine-grained sands part way up the external levees.
The crux of this methodology rests on the interpretation of
sediment waves as antidunes (Normark et al., 1980; Piper and
Savoye, 1993). However, sediment waves on levees have a number
of other potential formative mechanisms (e.g., Symons et al., 2016)
and in particular have been reinterpreted in many cases as cyclic
steps (Fildani et al., 2006; Kostic et al., 2010; Kostic, 2011; Covault
et al, 2017). If cyclic steps are the formative mechanism then
velocity estimates for overbank flows based on the antidune
assumption are likely erroneous.

There are a number of other issues that are pertinent to the
estimates of these different approaches to velocity calculation.
Commonly, bankfull conditions are used to infer flow height
(e.g, Eqs 4 and 6. However, it is well documented that flow
height regularly exceeds bankfull height, without which, external
levee deposition would not be possible, and that there can also be
under-fit, erosive flows (Peakall et al., 2000; Mohrig and Buttles,
2007; Kane and Hodgson, 2011). Despite this, existing theory has
assumed that super-elevation associated with the differential
height across external levees provide a methodology that allows
first order velocity predictions. It should also be noted that none of
these methods takes into account the changing flow velocities
expected both laterally and vertically within a flow (e.g., Sumner
etal., 2014; Peakall and Sumner, 2015), and instead assume a depth
averaged approach, or in the case of grain-size, a local flow velocity
at the point of deposition. Nonetheless, estimates suggest that in-
channel depth-averaged flow velocities are of order 1 ms™, and
that basal velocities responsible for the pebbly coarse sands are
potentially several multiples of this.

4.4.6 Rossby number estimates

Flow velocities calculated here are used to compute a range of
Rossby numbers for C1 (Figure 9B) and C3 (Figure 9D), using
velocity data from external levee height differences at bends Eq. (4)
to give Ror estimates, or external levee height differences in
straight channel sections to give Row estimates Eq. (6). The
velocity values from Garcia et al. (2012) are not used to
calculate Rossby numbers, as this study is focussing on the
effects of Coriolis forcing (and thus Rossby numbers) within
the channel, as opposed to overbank locations. Furthermore,
there are potential issues around the validity of the approach
used, as discussed above. Similarly, the velocities estimated from
settling velocities of grain-size samples from core are not utilised
for Rossby number calculations, as these are not depth-averaged
velocities and would represent the influence of Coriolis forcing at a
specific point within the flow, as opposed to the whole flow. Values
for Rog in channel C1 range between ~0.7 and 1 (Figure 9B), whilst
those in channel C3 range from ~0.5 to 0.8 (Figure 9D). For the
straight channel sections, values for Roy for C1 ranged between
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FIGURE 10

(A) Comparison of external levees from 24 systems (ancient and modern), adapted and extended from Hansen et al. (2015), showing the
abnormally large size of levees associated with this system. To normalise data, width and height are compared in (B). It should also be noted that levee
height values for outcrop examples have not been decompacted so these are minimum values. Latitude and width of modern systems are compared
in (C), displaying the correlation between levee width and latitude. Due to the unreliable estimates of palaeolatitude for ancient systems, only
modern systems have been used for this comparison. (D) Shows channel width versus levee width for the systems included; note a change to
logarithmic scale to account for a wide range of channel widths (Damuth et al., 1988; Hubscher et al.,, 1997; Piper and Deptuck, 1997; Von Rad and
Tahir, 1997; Nakajima et al., 1998; Babonneau et al., 2002; Weber et al.,, 2003; Schwenk et al,, 2005; Garcia et al,, 2006; Beaubouef et al., 2007; Brunt
et al., 2007; Butterworth and Macdonald, 2007; Cronin et al,, 2007; Kane et al,, 2007; Navarro et al., 2007; Figueiredo et al., 2010; Gamberi and
Rovere, 2011; Babonneau et al.,, 2012; Migeon et al., 2012; Morris et al., 2014; Boggild, 2016).

0.7 and 1.7, albeit the 1.7 value is an outlier with no other
measurement higher than 1.3 (Figure 9B), and most bends have
Rossby numbers of 1 or below (Figure 9B). In the case of C3, the
straight channel sections had Rossby numbers between 0.6 and 1.2
(Figure 9D). Overall, the two channels are estimated to have
Rossby numbers that are 1 or below, with some estimates from
the straight sections (Row) up to 1.7. These low Rossby numbers
indicate that Coriolis forces are dominant (values 1 or below) or
are likely highly influential being very close to 1 (Cossu and Wells,
2010; Peakall et al., 2013; Davarpanah Jazi et al., 2020).

4.4.7 Glacigenic considerations

Glacigenic settings exhibit a very wide diversity of flows
including exceptionally large flows associated with outburst
floods (e.g., Piper et al., 2007; Piper et al, 2012; Leng et al,
2018; Leng et al, 2019). Whilst velocity estimates have been
undertaken in such glacigenic-dominated systems (e.g., Klaucke
et al,, 1997; Boggild and Mosher, 2021), there is a question as to
what flow types are contributing to the estimates. The velocity and
Rossby number estimates based on super-elevation of flows across
channels, as recorded by external levee height differentials, are
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representative of the overall record of flows that are overbanking and
depositing/eroding on the levees in these systems. As such these
estimates are accounting for the composite flow record, rather than
exceptional individual flows. In contrast, velocity estimates based on
maximum grain-size may preferentially reflect the largest flows, and
thus may be reflective of very different processes. Rossby numbers,
and thus the influence of Coriolis forcing, calculated herein, are
therefore reflective of the composite flow behaviour that is
building the channel-levee morphology.

5 Discussion
5.1 Temporal evolution of channel systems

The NE Greenland channel-levee systems are underlain by large
mass-transport complexes, ~250 m thick (Figure 3), signalling the
onset of large-scale sediment delivery and subsequent remobilisation
into the basin (Wilken and Mienert, 2006). Overlying frontal lobes
infill MTC topography (Figure 3) prior to the onset of
channelisation, thickening basinward from ~45 to ~80 m (Figures
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3A-C). The vertical succession of MTCs, followed by unconfined
frontal lobes, overlain by a channel-levee system follows the idealised
model outlined by Posamentier et al. (2000) and Posamentier and
Kolla (2003). Lengthening of the channel-levee system over MTC’s
and underlying, thickening frontal lobes follows a similar deep-water
evolution as those identified elsewhere (Flood et al., 1991; Pirmez
and Flood, 1995; Posamentier et al., 2000; Posamentier and Kolla,
2003; Flint et al., 2011; Janocko et al., 2013; Ortiz-Karpf et al., 2015;
Hodgson et al., 2016). Based on this, the long-term macro-scale
evolution of high and low latitude deep-water systems exhibit
notable similarities (i.e., thickening frontal lobe deposits overlain
by a channel system showing propagation).

5.2 External levee development

Seismic reflection data allow external levee dimensions from
C3 to be compared to 23 modern and ancient systems
(Figure 10), using data from Hansen et al. (2015), additional
published examples of high latitude systems, and this study
(Figure 10A). All external levees, in this database, associated
with high latitude channel-levee systems (56° and above) are
wider than 30 km, with all but one system measured wider than
35km. A Coriolis control is also reflected in the consistently
wider and thicker eastern (right-hand) external levee of all NE
Greenland channel-levee systems, with external levees up to
40 km wide, and 200 m thick. Only one other channel system
has levees this wide, the NAMOGC, a deep ocean channel, albeit
other high-latitude systems are only slightly smaller. Due to the
high level of uncertainty associated with palaeolatitude
measurements, only modern systems are compared for the
case of latitudinal differences. The relationship between
external levee width and latitude is shown to be strong, with
an R’ value of 0.64 (Figure 10C). The analysis of external levee
thickness and channel width utilises both ancient and modern,
and shows relationships between external levee height and width,
R? 0f 0.54 (Figure 10B), and channel width and levee width, R* of
0.60 (Figure 10D). There are potential inaccuracies in the case of
the thickness data, because the external levee heights from the
ancient channel examples have not been decompacted, and given
their fine-grained composition are likely underestimated.
Channel width measurements from outcrop will also be
affected by errors as there are uncertainties related to the
orientation of channel measurements with respect to the
channel trend.

External levee aggradation in low latitude systems is
usually highest during sea-level lowstand periods for most
systems (Normark et al., 1998) as larger magnitude flows are
supplied to the system (Clark and Pickering, 1996; Kneller,
2003). On glaciated margins, key additional controls are the
position of the ice margin relative to the shelf break and the
amount of meltwater supplied (e.g., Laberg and Vorren, 1996;
King et al., 2022). High rates of fine-grained sediment delivery
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(from subglacial meltwaters and proglacial plumes) to the
system during glacial intervals may lead to increased overbank
aggradation, with a positive relationship between grain-size
and levee width, and density stratification within flows, and
channel aggradation (Skene et al, 2002; Nakajima and
Kneller, 2013). Flows generated in these settings could be
capable of overspilling the external levee crest or being flow
stripped, and produce long run-out distances down channel
margins, without the need for additional physical forcing.
However, it is likely that the mechanisms that result in
external levee asymmetry are intrinsically linked to their
size. Coriolis forces are able to act upon large flows,
causing deflection, with sediment deposition to the right
(for suspension-dominated flows in the Northern
Hemisphere) (Menard, 1955; Chough and Hesse, 1976;
Klaucke et al., 1997; Cossu and Wells, 2013; Cossu et al.,
2015). Coupled with this, tilting of the density interface within
the flow (upwards towards the right-hand side) through
Coriolis forcing (Cossu et al., 2010) could thicken the
column of sediment capable of overspilling the external
levee confinement, and increase the volume of sediment
deposited in the overbank. The ability of glacial systems to
generate high volumes of fine-grained sediment (Jaeger and
Koppes, 2016; Pope et al., 2018), coupled with the physical
forcing above could result in early stabilisation of overbank
material by fine-grained material (Klaucke and Hesse, 1996),
and the formation of the large and asymmetrical external
levees observed in NE Greenland. Similarly, large portions of
the low sinuosity NAMOC exhibit weak to absent lateral
channel migration (Klaucke et al., 1998), as well as large
external levees (width exceeds 25 km), suggesting that these
mechanisms may not be unique to NE Greenland.

5.3 Vertical stacking patterns

channel-fill
patterns have been observed in the NE Greenland channel

Atypical, predominantly vertical stacking
systems (Figure 7). This vertical stacking of channel-fill
appears to take place from channel inception, with no initial
phase of lateral migration as bends grow in amplitude sensu
Peakall et al. (2000). In the NE Greenland examples, there is also
a limited change in sinuosity with time. Vertical stacking of
channel-fills in the absence of bend development is also observed
in: contour current-influenced submarine channels (Michels
et al,, 2002; Kuvaas et al., 2005; Gong et al., 2013; Gong et al,,
2016; Campbell and Mosher, 2016); gullies (Jobe et al., 2011;
Lonergan et al., 2013; Prélat et al., 2015); structurally active areas
such as the Niger Delta (Deptuck et al.,, 2007); and the Surveyor
Channel (Reece et al, 2011). Vertical stacking has also been
modelled experimentally in channels with fixed, non-erodible
boundaries (i.e., channel floor and banks; Mohrig et al., 2006;
Straub et al., 2008). Neither structural, nor depositional features
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Comparison of vertical and lateral offset data plotted for 27 channel sections, with examples from NE Greenland shown in blue, Benin-Major
(Deptuck et al., 2003, 2007), the Surveyor channel (Reece et al.,, 2011), the Wilkes Margin (Passchier et al., 2019) and the Riiser-Larsen Sea (Kuvaas
et al,, 2004). Examples (A-D) are from high latitude systems showing high vertical aggradation, and examples (E,F) from low latitude systems,
showing a variety of lateral offsets. Lateral offset is measured by recording location of left-hand side channel floor in the basal cut, and
measuring horizontal distance to the same location in the top cut — ratios of some systems are included. It is worth noting that channel systems
showing no lateral offset may have offsets under the horizontal resolution of their respective datasets.

typical of contourites are observed close to the channel-levee
systems, and the channels are located below the depth of known
thermohaline currents (Wilken and Mienert, 2006), indicating
that in this setting, there must be another control on axial
architectural evolution. Similar stacking is observed in
submarine channels in Antarctica, in the Riiser-Larsen Sea
(Kuvaas et al.,, 2004), Cosmonaut Sea (Kuvaas et al., 2005),
Weddell Sea (Huang et al., 2014; Huang and Jokat, 2016) and
the Wilkes Margin (Passchier et al., 2019) (Figure 11). Here the
degree of vertical versus lateral movement of channels in this NE
Greenland dataset, as well as other high latitude channels, is
quantified and compared with channel evolution of the low
latitude Benin-Major system (Figure 11). All high latitude
channel systems (except one from the Riiser-Larsen Sea)
exhibit lateral offsets of <100 m for successive channel-fills;
the majority of systems exhibit either negligible lateral
migration (Figures 11A-D) or offset below the horizontal
resolution of the seismic dataset. In contrast, low latitude
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examples typically exhibit km-scale lateral migration (related
to the initial expansion of bends and sinuosity growth during
early channel evolution (Peakall et al., 2000)), suggesting that
lateral migration in low latitude settings may be at least an order
of magnitude larger than high latitude channels.

Current models, such as Peakall et al. (2000), Pirmez and
Imran (2003), and Amos et al. (2010) outline sediment
transport and depositional regimes in aggradational sinuous
submarine channels, but do not take into account the effects of
Coriolis forcing in high latitudes. Models incorporating
Coriolis forcing (Cossu and Wells 2013; Cossu et al., 2015;
Davarpanah Jazi et al., 2020) predict lateral migration of the
entire system to the right in traction-dominated systems (in
the Northern Hemisphere), and to the left in suspension-
dominated systems (assuming that velocity and density are
coupled). However, this does not take into account the
presence of multiple flow types within a given system, or
the ability of a flow to change down system. No current models
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account for the vertical aggradation seen in NE Greenland,
with a variety of theoretical physical and climatic mechanisms
proposed here. Here we examine a number of possible

mechanisms.

5.3.1 Asymmetry of Coriolis force in successive
bends

In straight channels where Coriolis forces dominate, a single
secondary flow cell develops that is clockwise in the Northern
hemisphere (looking downstream) and is constant along the
length of the channel (Cossu et al., 2010). This is in sharp contrast
to secondary flow cells in rivers and in low latitude submarine
channels where there is a reversal in secondary flow between
successive bends (Thorne et al., 1985; Keevil et al., 2006). This
flipping of the flow cell between successive bends in rivers and
low latitude submarine channel systems is crucial for amplifying
any initial perturbation and thus enabling bend growth and
increasing sinuosity (Johannesson and Parker, 1989; Peakall
et al, 2007; Darby and Peakall, 2012). In the case of an
initially straight channel dominated by Coriolis forces, small
perturbations caused by localised deposition, bank collapse etc.,
may be too small to overcome the single clockwise directed
secondary flow cell, and thus perturbations will not tend to
amplify, restricting increases in sinuosity. Even in the case of
a channel developing with low sinuosity where centrifugal forces
begin to become more important, then there will be an
asymmetry in forcing between bends. In left-turning bends in
the Northern Hemisphere, Coriolis and centrifugal forces are
complementary, and in right-turning bends they are opposed.
Under these conditions, in a right-turning bend, Coriolis forces
act to ‘damp’ the effects of centrifugal forces in systems with a
Rossby number, Roy, <10 (Cossu and Wells, 2013; see also
Davarpanah Jazi et al., 2020), again reducing the perturbations
that lead to bend formation (Johannesson and Parker, 1989;
Peakall et al., 2007; Cossu and Wells, 2010; Cossu and Wells,
2013; Darby and Peakall, 2012; Wei et al., 2013; Davarpanah Jazi
etal., 2020). The presence of either a single secondary flow cell in
systems where Coriolis forces are predicted to dominate, or an
asymmetry in the influence of the centrifugal force between left-
and right-turning bends where the lower part of the flow is not
entirely dominated by Coriolis forces, act to damp the growth of
perturbations and thus sinuosity growth.

Basal velocities might be expected to exhibit higher
centrifugal forces and thus lower relative Coriolis forces than
the bulk flow parameters derived from external levee height
differentials (see Velocity estimates: Summary for these NE
Greenland channels), and these basal velocities may be key to
driving the development of sinuosity (e.g., Sylvester et al., 2013;
Sylvester and Pirmez, 2019). However, such variations of
downstream velocity in the vertical are also characteristic of
experiments with bulk Rossby numbers <1 and yet these show
consistent orientation of basal velocities and or erosion/
tractional-deposition towards one side of the channel (Cossu
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and Wells, 2010; Cossu and Wells, 2013; Wells and Cossu, 2013;
Davarpanah Jazi et al., 2020). The experimental results therefore
suggest that flow with Rossby numbers less than one, based on
external levee height differentials, likely act to reduce
perturbations at the base of the flow. The estimated Rossby
numbers strongly suggest therefore that these mechanisms for
damping perturbations are likely to act within these Greenland
channel systems.

5.3.2 Influence of mixed flow types upon flow
processes within channels

Glacially-influenced continental margins experience a
wide range of sedimentary processes, dependent on ice
location, hinterland geology and ice cyclicity (Jaeger and
Koppes, 2016), with vast amounts of sediments generated
and conveyed to deep-water systems (Laberg and Vorren,
1996), exhibiting a wide range of grain-sizes (O Cofaigh
et al., 2004). Cores from the Greenland channel-axes and
their associated overbank successions report a range from
‘pebbly coarse sand’, to mud factions (O Cofaigh et al.,
2004), indicating either a combination of traction- and
suspension-dominated flows are transported down the
channel, or strongly stratified flows capable of transporting
material as bedload. Current physical models only examine the
effects of one flow type upon process regimes and resultant
sedimentary architecture (Cossu and Wells, 2013; Cossu et al.,
2015). However, systems have been shown to transport both
traction- and suspension-dominated flows, e.g., NAMOC
(Hesse et al., 2001; Piper and Normark, 2009). A balance
between these two flow types (or components), which
individually cause opposing migration directions when
deflected by Coriolis forces (Cossu and Wells, 2013), or a
strongly stratified flow, could result in vertical stacking of
sedimentary deposits (Kane et al., 2008; Amos et al.,, 2010).
Small lateral offsets may result from the higher frequency of
one flow in relation to the other. For example, in Figure 7G a
slight migration to the right may indicate a higher frequency of
traction-dominated flows, than suspension-dominated flows,
or a greater proportion of the flow may be traction-dominated
in the case of stratified flows.

Occasional exceptionally large outburst-related flows (e.g.,
Piper et al., 2007, 2012) might also be postulated to affect channel
geometry, sinuosity and migration patterns. Erosional valley-
widening events that punctuate sustained periods of external
levee growth have been observed on the Laurentian Fan and
linked to such outsized flows (Skene and Piper, 2006; Piper et al.,
2007). Such widening events are not observed in the Greenland
channels studied herein, perhaps reflecting the filtering effects of
strongly aggradational channels that tend to ‘tune’ outsized flows
down to a characteristic flow scale (Amos et al., 2010).
Consequently, there is no evidence for exceptionally large
flows playing a major morphological role in the studied
channel systems.
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FIGURE 12
Model for evolution of high latitude channel systems. Stage 1 (A) shows early stages of channel propagation, with system incising frontal splays,
and small levees present in up-dip sections; if flow velocities are low, then Coriolis forcing may result in preferential splay deposition on the right-
hand side. Stage 2 (B) represents a more mature system, with Coriolis forcing able to deflect flows to the right-hand side, resulting in asymmetrical
levee growth. In the later stages of system evolution (C), the channel is ‘fixed" in place, with large external levees preventing lateral
migration — creating vertical stacking of channel fill. Mixed flow types may also be responsible for vertical stacking (D), with work by Cossu et al.
(2015) predicting different migration directions for traction and suspension-dominated flows (E), modified from Cossu et al., 2015), the interplay of
which could result in an overall vertical pattern.

5.3.3 Effects of rapid aggradation and quasi-
channelisation

As noted glacial systems are capable of generating large
volumes of sediment. For example, Laberg and Vorren (1996)
report sedimentation rates of up to 1.72 m/kyr™' from the Barents
Sea. These high rates of sediment supply could result in rapid
aggradation of overbank material. Lateral migration in submarine
channels is linked to bend growth during the initial phase of
channel development (Peakall et al., 2000; Sylvester et al., 2011;
Jobe et al., 2016), with stable planform geometries and vertical
aggradation characteristic of the ‘equilibrium’ phase, where the
channel acts predominantly as a bypass conduit (Peakall et al,
2000). If overbank sedimentation predominates within a system
then rapid external levee growth may occur (Straub et al., 2012). If
as observed herein, Coriolis forcing is important, then partitioning
of flows, and deposition on the right-hand side (in the Northern
Hemisphere) would dominate from the first event. Once external
levees are constructed, in-channel sedimentation that is able to
keep pace with overbank deposition has been shown to create
vertically aggrading channel-fill (Mohrig and Buttles, 2007; Straub
et al, 2012). It is unclear why the channel banks do not undergo
subsequent erosion, thus generating perturbations, which are
naturally reinforced, leading to bend growth. However, this
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may be due to gelling and consolidation of clay, which cause
the shear stress needed to erode channel banks to be far higher
than that required for deposition (Mehta et al., 1989; Fenies and
Faugres, 1998; Smith, 1998), as postulated by Peakall et al. (2000);
see also Asymmetry of Coriolis force in successive bends. A non-
migrating channel would then create increasingly stable external
levees, further ‘fixing’ the channel in place, as seen in the later
stages of NAMOC (Klaucke et al, 1998) and in low latitude
systems (e.g., Kane et al., 2008; Straub et al., 2008; Amos et al.,
2010).

Several studies indicate that weakly confined flows, which are
initially able to deposit large volumes of material in the overbank
region, are related to vertical aggradation of channel-fill (Mohrig
and Buttles, 2007; Straub et al., 2012). Less confinement also
inhibits point bar development, preventing meander formation
and expansion (Kane et al., 2008). If planform morphology and
vertical aggradation are linked, then the lack of bend expansion
and propagation through quasi-confinement of flows may be
another factor. The dominance of Coriolis forcing over
centrifugal forces, causing deflection of flows and preferential
deposition, may therefore result in a rapid transition to the
aggradational equilibrium phase, and preclude widespread
bend development and lateral migration.
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Schematic diagram of architectural differences between high and low latitude channel-levee systems. (A) Low latitude systems exhibit frontal
lobes deposited over MTD deposits (Posamentier and Kolla, 2003), overlain by a channel-levee system with higher levees on outer bends, with
symmetrical levees on straighter sections, "J-shaped’ channel fill geometries (Jobe et al.,, 2016), inner-bank deposition and a high-sinuosity planform.
(B) High latitude channel levee systems are characterised by deposition of frontal lobe deposits over an MTD, followed by asymmetrical levees
(right-hand levee higher in the Northern Hemisphere, left-hand levee higher in the Southern Hemisphere) that can be over an order of magnitude

larger than low latitude systems), and vertical stacking of channel fill.

5.4 A new model for high latitude
submarine channel evolution

The observations and interpretations above are combined
into a three-stage model for submarine channels, examining the
role of physical and climatic forcing upon the evolution and
architecture of high latitude channel systems. Coriolis forcing is a
latitudinally dependent factor; the relative influence increases
with latitude, affecting channel sedimentation patterns. In
contrast, sediment flux and calibre can vary depending on the
stage of glacial cyclicity, resulting in a wide range of flows and
sediment types transported through the system.

The initial stages of channel system evolution (Figure 12A)
follow a similar pattern to low latitude systems; frontal lobes are
deposited that heal relief generated by mass transport complexes,
and are incised by subsequent flows as channel-levee systems
propagate basinward. Coriolis forces are able to deflect these
flows to the right (in the Northern Hemisphere), resulting in
preferential deposition of overbank material, guiding the path of
subsequent flows and creating a low sinuosity channel planform
12B,C).
suppressed through the effects of Coriolis forcing upon

(Figures Furthermore, initial bend formation is
secondary flows cells, preventing initial perturbations in the
flow field. The interplay of inner-bank deposition and outer-
bank erosion thought to be responsible for bend amplitude

growth (Peakall et al, 2000) is further inhibited by the
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occurrence of traction and suspension-dominated flows within
the system. The influence of Coriolis forcing upon each of these
flow types causes opposing (but one-sided) patterns of deposition
or erosion (Figure 12D) (Cossu et al., 2015; Davarpanah Jazi
etal,, 2020). Rapid levee and intrachannel aggradation could also
inhibit bend formation and growth, as well as generating vertical
stacking of channel-fill (Figure 12C). The latter stages of channel
development (Figure 12C) exhibit strongly asymmetric external
levees, preventing lateral channel migration, reinforcing a low-
sinuosity planform morphology, and promoting vertical
aggradation. The presence of both traction- and suspension-
dominated deposits, and their opposing depositional patterns,
further promotes vertical aggradation (Figure 12D). Coriolis
forcing results in preferential deposition along one side of the
channel (Cossu and Wells, 2013; Davarpanah Jazi et al., 2020),
possibly resulting in enhanced external levee aggradation, with
the height of these creating a stable conduit during early channel
development, allowing for vertical aggradation. This suggests
that a low sinuosity planform morphology, vertically aggrading
channel-fill, and large external levees are all related to the same
process controls.

The key differences between this high-latitude model and
low-latitude systems are shown schematically in Figure 13.
Axial channel deposits have markedly different geometries,
and levees are much larger relative to the channel and more
consistently asymmetric along one side of the channel in
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high-latitude channel-levee systems. These differences in
architecture will also be reflected in terms of facies, where
high-latitude systems will largely lack the point-bar deposits
and overlying finer-grained deposits at the inside of bends,
so-called ‘oblique accretion deposits’ (Straub et al., 2011;
Peakall and Sumner, 2015), characteristic of low-latitude
systems. Where such point-bar and oblique accretion
deposits are present they may be focused on bends that
have enhanced sinuosity (see Figure 6 for possible
examples) or where external forcing (levee collapse;
tectonism) lead to bend migration, and even in such
examples more limited bend migration may make them
less areally extensive. Whilst these are idealised end-
member models, it is useful to note that a number of
features from high latitude systems may be present in
some mid-latitude systems. It has previously been noted
that the channels of the Rhone Fan exhibit asymmetry in
overbank successions (Torres et al., 1997), and systems in the
Huntingdon Field of the North Sea exhibit asymmetrical
facies distributions interpreted to be a function of Coriolis
forcing (Edwards et al., 2018).

The model presented here for channel-levee systems,
based on these NE Greenland channels, and comparison
to similar high-latitude systems, demonstrates that it is
not solely the presence of deep-ocean channels such as
NAMOC (e.g., Klaucke et al., 1997) and NP-28 (Boggild
and Mosher, 2021) that are responsible for low sinuosity
channels in high-latitudes (cf. Sylvester and Pirmez, 2019).
The NE Greenland channels exhibit tributive systems in their
upper reaches, in common with many glacial channel
with  these
planform morphology, and thus sedimentary architecture

systems, suggested to be important for
(Sylvester and Pirmez, 2019). However, it is not clear
mechanistically, how such tributive systems influence
channel planform  morphology and  architecture.
Presumably, they may lead to a greater range of input
points and flow stages than in equivalent single point
systems. Yet once downstream of these tributaries, flows
greater than channel depth in the main channel will
undergo reduction in size through overspill and flow
stripping (flow ‘tuning’) so that flows reduce to a
characteristic size (Amos et al, 2010). Alternatively, the
tributive inputs may lead to a larger number of smaller
flows that traverse the channel without overspilling.
However, by analogy with rivers, channel morphology is
dominantly related to ‘bankfull’ discharges (Wolman and
Miller, 1960), and so it is not clear that more frequent, small
flows below ‘bankfull’ will be important in influencing
channel morphology and architecture. It is also not clear
how a wider range of flow sizes would lead to vertical
aggradation of channels. Given that tributive networks in
upper reaches are characteristic of high-latitude channels

then their potential influence needs further research, but at
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present mechanistic arguments for their influence on
channel morphology are lacking.

5.5 Implications for palaeoenvironmental
records

The great thickness of external levees in high-latitude
systems (Figures 10, 13), representing highly efficient flow
stripping and overspill of flows, will form ideal archives of
palaeoenvironmental change offshore from glaciated margins.
It is recommended that these successions are targeted as records
for future research drilling expeditions, as for instance has been
undertaken in International Ocean Discovery Programme
Expedition 374 to the eastern Ross Sea continental slope,
Antarctica (e.g., Conte et al, 2021; King et al, 2022).
Consequently, this overspill and deposition of fines will
lead to an effective narrowing of grain-size deposited within
the channel. Therefore, even the initially broad grain-size
distributions from glacially-fed systems are predicted to be
effectively segregated through the channel-levee system to
form sand-rich lobe complexes.

6 Conclusion

This work presents a new study on temporal and spatial
variations in sedimentary processes, depositional architecture and
evolution from high latitude submarine channel-levee systems,
integrating bathymetry, GLORIA side scan, and seismic reflection
data. The NE Greenland systems are low gradient, low sinuosity,
glacially-influenced channels - indicating the need for a revision of
current classification schemes. Furthermore, models of depositional
architecture and flow processes are predominantly based on studies
from low- and mid-latitude settings. Subsurface imaging shows that
long-term evolution of channel-levee systems exhibit notable
similarities to their low latitude counterparts, such as propagation
of channel-levee systems over frontal lobes. However, the resultant
architecture differs in a number of ways, most notably: 1) external
levees are asymmetric, and very large; 2) channel-fills exhibit little to
no lateral migration at any stage of channel evolution; and 3) the
channel system exhibits very low sinuosity (peak sinuosity = 1.3) on a
low gradient slope. This likely results from a number of latitudinally
dependent factors, both physical (Coriolis forcing) and climatic
(sediment calibre and flow type), and a number of process-based
mechanisms are proposed to explain these architectural variations.

To assess the susceptibility of the system to Coriolis forcing, a
range of Rossby numbers have been calculated, indicating Coriolis
forces have a strong influence at all locations, and is the dominant
control on system morphology in most measured locations.
Preferential deposition is evident with large, asymmetric external
levees bounding the system. Development of large external levees
along one side of a straight channel section is possible through the
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interplay of Coriolis forcing and high sediment delivery during glacial
intervals, with tilting of the density interface and continuous
preferential deposition resulting in rapid aggradation and
stabilisation of early external Vertical stacking of
component channel-fill is unrelated to contourite or structural
influences and is postulated to be related to mixed flow types

within the system, and the interaction of these flows with Coriolis

levees.

forces causing alternating phases of preferential erosion and
deposition, restricting lateral migration. Development of a
secondary flow cell with constant orientation along the length of
the channel as a result of Coriolis forcing does not allow for the
amplification of initial flow perturbations that lead to bend formation.
Furthermore, Coriolis forces act to ‘damp’ the effects of centrifugal
forces in right-turning bends, reducing perturbations that lead to bend
growth. A lack of bend growth and large, stable external levees could
prevent channel migration, and result in vertical stacking of channel-
fills. The resultant latitudinal architectural variation has implications
for reservoir quality and distribution. Highly effective stripping of
flows into the overbank also suggests that high latitude levees contain
excellent palaeoenvironmental records, as well as segregating grain-
size along system.
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