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ARTICLE INFO ABSTRACT

Edited by J.P. Avouac Submarine channels are conduits for sediment-laden flows called turbidity currents, which play a globally sig-
nificant role in the offshore transport of sediment and organic carbon and pose a hazard to critical seafloor
infrastructure. Time-lapse repeat surveys of active submarine channels have recently shown that upstream-
migrating knickpoints can dominate channel evolution. This finding contrasts with many studies of ancient
outcrops and subsurface geophysical data that inferred channel bends migrate laterally, as occurs in meandering
rivers. Here, we aim to test these two contrasting views by analysing two high-resolution repeat seafloor surveys
acquired 13 years apart across the entirety of an active submarine channel in Knight Inlet, British Columbia. We
find that two main mechanisms control channel evolution, with the normalised channel radius of curvature
(specifically, R* - channel radius of curvature normalised to channel width) explaining which of these mecha-
nisms dominate. Pronounced outer bend migration only occurs at tight bends (R*<1.5). In contrast, at broader
bends and straighter sections (R*>1.5), erosion is focused within the channel axis, where upstream-migrating
knickpoints dominate. High centrifugal accelerations at tight bends promote super-elevation of flows on the
outer channel flank, thus, enhancing outer bend erosion. At R*>1.5, flow is focused within the channel axis,
promoting knickpoints that migrate upstream at an order of magnitude faster than the rate of outer bend erosion
at tight bends. Despite the dominance of knickpoints in eroding the channel axis, their stratigraphic preservation
is very low. In contrast, the lateral migration of channel bends results in much higher preservation via lateral
accretion of deposits on the inner bend. We conclude that multiple mechanisms can control evolution at different
channel reaches and that the role of knickpoints has been underestimated from past studies that focused on
deposits due to their low preservation potential.
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1. Introduction

Submarine channels are the primary conduit for the transfer of
sediment from shallow to deep water and occur on most continental
slopes worldwide (Mulder, 2011). Globally-important quantities of
sediment and organic carbon are transported through these channels by
density flows called turbidity currents (Azpiroz-Zabala et al., 2017;
Rabouille et al., 2019; Talling et al., 2024). Submarine channel deposits
form some of the most significant sediment accumulations on our planet,

creating substantial hydrocarbon reserves, stratigraphic archives of
climate change, and carbon burial (Babonneau et al., 2010; Clift and
Gaedicke, 2002; Covault et al., 2014; Sylvester and Covault, 2016).
Other than being a significant contributor to deep-sea sediment trans-
port (e.g., Paull et al., 2018), turbidity currents also pose a threat to
seafloor infrastructure, including hydrocarbon pipelines and the global
network of seafloor cables that provide critical energy and communi-
cations (Carter et al., 2014; Sequeiros et al., 2019). Therefore, it is vital
to understand which processes control sediment transport and storage in
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submarine channels and over which timescales, as this governs the
hazard posed to seafloor structures, the efficiency of organic carbon
burial, and the nature of sediment transfer to the deep sea.

Despite many studies over the past decades, there remains
disagreement about which mechanism is the dominant control on sub-
marine channel evolution. First, upstream-migrating crescentic bed-
forms have been proposed to play a dominant role in channel evolution
on steep slopes such as the continental slope where high Froude numbers
are favoured. They act as a building block of such depositional systems,
from the proximal channel axis, levee-overbanks, down to the channel-
lobe transition zone (Covault et al., 2014, 2017; Hamilton et al., 2015;
Vendettuoli et al., 2019). Such bedforms have been linked to
fast-moving turbidity currents that undergo a switch (hydraulic jump)
from Froude super- to sub-critical conditions as they pass over the
bedform (Spinewine et al., 2009; Hughes Clarke, 2016; Covault et al.,
2017; Hage et al.,, 2018), and are common, particularly within the
proximal reaches of many submarine channels worldwide, (e.g., Symons
et al., 2016; Covault et al., 2017; Hage et al., 2018). Depending on the
aggradation rate of the system, the resultant deposits are preserved
either as low-angle, backstepping beds (high aggradation) or lenticular
bodies (low aggradation), typically comprising massive sands (Hage
et al., 2019).

Second, the upstream migration of steep steps in channel gradient,
known as knickpoints (that can be tens of metres high), has recently
been suggested to play an even more critical role in channel evolution (e.
g. Guiastrennec-Faugas et al., 2020; 2021; Heijnen et al., 2020). Sub-
marine knickpoints may form as a result of erosion by a turbidity current
undergoing a large hydraulic jump, due to retrogressive collapse of a
steep downstream slope, or due to sediment build-up at tight bends, or
some combination of these processes (Heijnen et al., 2020; Guias-
trennec-Faugas et al., 2021). The rate of knickpoint migration (100-450
m/year) in submarine channels may exceed that of equivalent features
in rivers by 2-6 orders of magnitude, depending on substrate strength
and discharge (Heijnen et al., 2020). Knickpoint migration results in
localised but pronounced (tens of metres) down-cutting into previously
emplaced channel axis deposits and forms tabular channel-wide de-
posits, which are also focused within the channel axis (Mitchell, 2006;
Heijnen et al., 2020). Despite these recent studies demonstrating the
important role of knickpoints in shaping modern active systems, the
identification of knickpoints in ancient systems remains sparse, with few
studies providing clear evidence of their deposits (e.g. Heinio and
Davies, 2007; Stright et al., 2017; Tek et al., 2021; Allen et al., 2022).

Finally, the lateral migration of channel bends has also been inferred
to play a key role in submarine channel evolution (e.g. Peakall et al.,
2000, 2007; Babonneau et al., 2010; Kolla et al., 2012; Jobe et al., 2016;
Palm et al., 2021). Channel bends have been observed from seafloor and
subsurface seismic surveys, particularly on large deep-sea fans and in
many of the lower reaches of deep-sea submarine channels (e.g. Peakall
et al., 2007; Babonneau et al., 2010). While submarine channel bends
may share many morphological similarities with rivers, the nature of
flow within submarine channels and the morphology of expansion of
bends can vary from that observed in rivers (e.g. Peakall et al., 2000;
Peakall and Sumner, 2015; Covault et al., 2021). However, the overall
pattern of erosion in submarine channels is focused on the outer bend,
while deposition occurs on (or just downstream of) the inner bend,
forming laterally accreted packages of sediment and/or oblique accre-
tion deposits (Peakall and Sumner, 2015). Abundant evidence of lateral
accretion packages that indicate channel bend migration has been found
in many ancient submarine channel systems worldwide (e.g. Abreu
et al., 2003; Dykstra and Kneller, 2009; Babonneau et al., 2010; Jobe
et al., 2016).

There are thus many different potential mechanisms that may con-
trol submarine channel evolution; however, the limited number of ex-
amples of directly monitored modern active submarine channel systems
and their geomorphic evolution, means that the factor (or factors) that
are most dominant remain unclear (e.g. Talling et al., 2015). Past studies

Earth and Planetary Science Letters 646 (2024) 118953

have focused mainly on depositional archives (subsurface geophysical
imaging, sediment coring, and ancient outcrops, (e.g. Zeng et al., 1991;
Babonneau et al., 2010; Covault et al., 2016), supplemented by
scaled-down analogue laboratory experiments (e.g. Keevil et al., 2006),
and numerical modelling (e.g. Giorgio Serchi et al., 2011; Sylvester
et al., 2011; Tian et al., 2023). Therefore, most observational studies
analyse the resultant deposits, which are highly incomplete due to
punctuated erosion caused by successive flows (e.g. Silva et al., 2019;
Vendettuoli et al., 2019). Laboratory and numerical models (e.g. Keevil
et al., 2006; Sylvester and Covault, 2016) provide useful insights into
channel evolution, but whilst flow fields have been examined at
field-scale (Parsons et al., 2010; Wei et al., 2013; Sumner et al., 2014;
Azpiroz-Zabala et al., 2024) there remain few studies that have exam-
ined flow processes and channel evolution in natural channels, partic-
ularly ones that cover the entirety of a channel system (e.g. Hughes
Clarke, 2016; Paull et al., 2018; Gales et al., 2019). As a result, there is a
compelling need for a field-scale study that focuses on flow processes in
channel evolution.

Recent advances in repeat seafloor mapping now enable field-scale
monitoring of submarine channel evolution at high temporal (minutes
to years) resolution and provide the opportunity to test deposit-based
models and hypotheses (e.g. Hughes Clarke, 2016; Paull et al., 2018;
Heijnen et al., 2020). While such monitoring campaigns face many
challenges (e.g. accessibility, high cost, and infrequency of events; Tal-
ling et al., 2015), a growing number of active submarine channels have
now been repeatedly mapped over the past decade to better understand
the nature of the processes that shape them (e.g. Conway et al., 2012;
Hughes Clarke, 2016; Paull et al., 2018; Silva et al., 2019; Vendettuoli
et al., 2019; Heijnen et al., 2020). Most of these channel systems that
have been time-lapse surveyed are in relatively shallow (<600 m) water
on steep slopes and remain only partially surveyed (i.e. not from source
to sink). However, insights gained from repeat bathymetric surveys
allow us to address key questions about how and why channels evolve.

2. Aims

In this paper, we analyse repeat seafloor surveys acquired 13 years
apart that cover the entirety of a modern, active submarine channel
system (from river source to termination at a deep-sea lobe) in Knight
Inlet, British Columbia, Canada. Such extensive surveys are rare; we
know of only one published study that has repeatedly surveyed from
source to deep-sea sink (Heijnen et al., 2020). We aim to answer the
following questions: First, which processes dominate the evolution of
the submarine channel in Knight Inlet? Previous studies have identified
crescentic bedforms, channel bends and knickpoints in Knight Inlet and
other submarine channels in similar fjord settings (Conway et al., 2012;
Gales et al., 2019). New repeat seafloor mapping data allow us to
quantify the amount of net erosion and net deposition attributed to these
different processes and understand how they shape the channel. We see
that different reaches of the channel are affected to a different extent by
these various processes. This motivates our second question. Why does
the influence of these processes (bedform migration, outer bend erosion,
and knickpoint migration) vary spatially along the channel? We inves-
tigate whether channel morphology and its influence on flow behaviour
explain the nature and rate of erosion and migration. The curvature of
river and tidal channel systems has been shown to play a vital role in
controlling meander bend growth rate (e.g., Hickin and Nanson, 1975;
Finotello et al., 2018; Sylvester et al., 2019), so we ask whether a similar
control exists in submarine channels. Finally, what is the likely preser-
vation of stratigraphic evidence for the different mechanisms that in-
fluence channel evolution? We compare the depositional signature of
the different processes and discuss if their variable preservation poten-
tial may bias the interpretation of processes that operated and domi-
nated in ancient submarine channel systems.
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3. Data and methods

We analyse two bathymetric surveys acquired in 2005 and 2018 in
Knight Inlet, British Columbia, Canada. The surveys cover the full extent
of a 41 km-long submarine channel system, which extends from two
prodeltas fed by the Klinaklini (responsible for 80% of the sediment
supply; Bornhold et al., 1994) and Franklin Rivers to a terminal lobe at
approximately 450 m water depth (Fig. 1). Sediment supply from these
two rivers is seasonally variable, mainly supplied during the spring and
summer freshet due to snowmelt. Previous measurements using seafloor
current meters have shown that many (at least 25-30) turbidity currents
occur each year within the submarine channel and are most likely
during windows of heightened river discharge (Bornhold et al., 1994); as
observed in other submarine channels in the region (e.g. Howe Sound —
Hughes Clarke, 2016). River discharges in the winter are typically below
100 m3/s but can reach peaks of 1200 m®/s in the spring and summer
(Bornhold et al., 1994). Sediments in the submarine channel are typi-
cally fine to coarse sands, with silt and clay deposits dominating the
areas outside the channel (Ren et al., 1996).

Bathymetric data were obtained using a Kongsberg Maritime EM710
(70-100 kHz) multibeam echosounder deployed from the RV Vector
operated by the Canadian Coastguard Service. Data were gridded into 5
m x 5 m bins for the 2005 survey and 2 m x 2 m for the 2018 survey. The
vertical resolution of the data is <0.5% of the water depth (Conway
et al., 2012; Hughes Clarke et al., 2014). Hence in the deepest water
(~450 m) surveyed here, this vertical resolution is 2.25 m.

The bathymetric data were analysed using ESRI ArcGIS software.
Greyscale slope maps were generated to visualise channel morphology,
and a raster calculator was used to generate differences in elevation
between the two surveys. As part of this process, the 2018 2 x 2 m bin-
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size survey was re-sampled to match the coarser 5 x 5 m gridding of the
2005 survey. In the bathymetric difference maps, red colours indicate
areas of net erosion (negative values), while blue colours indicate areas
of net deposition (positive values). Confidence in the calculated eleva-
tion differences is reduced at the edges of the survey area (i.e. well
outside the channel limits) and where elevation differences were equal
to or below the vertical resolution of the bathymetric data. Seabed
elevation changes and eroded volumes were calculated using the raster
calculator tools in ArcGIS software. Channel width was calculated by
measuring the horizontal distance orthogonal to the channel axis be-
tween breaks in slope on the channel flanks. We measure the channel
width at the apex of each bend. This measurement was completed
manually, and each flank was selected manually as the point where
flows could overflow outside the channel. The mean channel width is
236 m. Sinuosity, defined as the ratio between the length along the
channel and the straight-line distance between the endpoints, was
calculated using the RiverMetric package in QGIS software. Sinuosity
was calculated every 10 m down the channel over a length scale of 1000
m. The mean channel sinuosity is 1.76. The location for the measure-
ment of the radius of curvature was decided purely by visual fitting at
the arc of the channel bend, which was measured in ArcGIS for each of
the channel bends (Fig. 2). The measurement of the radius of curvature
is achieved through a circle that most nearly fits the curve of a given
channel bend (Weihaupt, 1989). In order to compare observations at
Knight Inlet with other systems, we present a normalised radius of
curvature R*, where for each bend, we divide the radius of curvature, R,
by the local channel apex width (B), following a widely-adopted
approach for terrestrial rivers first applied by Hickin and Nanson
(1975). Radius of curvature is the inverse of the channel curvature
(1/R). Fig. 1 shows how the measurements are made in this study.
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Fig. 1. Illustration of measurements made in this study. A) Planform view of the channel to illustrate sinuosity, radius of curvature and channel width. B) Cross-
section view to illustrate the measurement of channel width, which was taken orthogonal to the channel axis. C) Plot showing how the vertical resolution of the

multibeam bathymetric data changes as a function of water depth.
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4. Results

Differences in elevation above the vertical resolution of the bathy-
metric data are observed at several locations along the full length of the
channel, from the prodelta that forms the start of the submarine channel
to the lobe at the channel’s deep-water terminus (Fig. 2). Three different
types of seafloor change are observed over the thirteen-year interval: i)
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crescentic bedform migration and associated local channel incision; ii)
upstream-migration of knickpoints; and iii) lateral migration of channel
bends. We now highlight where these seafloor changes occur within the
submarine channel at Knight Inlet.
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4.1. Processes responsible for seafloor change

4.1.1. Crescentic bedforms on the prodelta slope

The steep (~5°) submarine prodelta front at the channel head is
dominated by crescentic bedforms, which have typical wavelengths of
10 m and amplitudes of 5 m (Fig. 3a). Bedforms are observed across the
entire prodelta front, but discernible elevation changes (i.e. above the
vertical resolution of the data, which is <0.5 m here) are only seen
down-stream of the Klinaklini and Franklin Rivers (herein termed the
‘active delta’; a locus for sediment accumulation of up to 9 m vertically).
This area is not solely net aggradational, as a new channel has been
locally incised (up to 5 m depth), cutting a new pathway that is covered
with crescentic bedforms (Fig. 3a). As bathymetric resolution reduces in
greater water depths, it is possible that such features may occur farther
down the channel, but they cannot be imaged reliably.

4.1.2. Upstream-migration of knickpoints

Farther downslope from the prodelta, where a single channel is
established on an average slope of 1.4°, the upstream-migration of up to
5-10 m-high knickpoints, with steep headwalls (~40°) dominates
several reaches of the channel (Fig. 3b and d). Knickpoints occur at
multiple points along the channel (Fig. 2), including distinct 10 m-high
isolated knickpoints at 270 m, 280 m and 300 m water depth, a series of
three 5 m-high knickpoints that migrate upstream up to 1 km around a
large channel bend between 260 m and 300 m water depth (Fig. 3b), and
one small (5 m-high) knickpoint at 425 m water depth (Fig. 3d). The
elevation change for this latter smallest knickpoint is close to the vertical
resolution of the multibeam data at this depth. Hence, we cannot be fully
confident in its migration. However, the changes for the other larger and
shallower water knickpoints far exceed the vertical resolution at their
equivalent water depths, and those larger knickpoints clearly migrate
upstream. Erosion created by the migration of knickpoints results in up
to 10 m of elevation change, which is almost exclusively focused within
the axis of the channel. Occasionally there is some minor erosion focused
towards the outer bend of the channel where a series of three knick-
points occur in the large channel bend (Fig. 3b).

4.1.3. Lateral migration of outer bends

We observe localised erosion focused on the outer flank of some, but
not all, bends throughout the channel system. The most prominent
erosion of this type is observed at the tightest (R*<1.54) channel bend,
which is located about 23 km down the channel at 375 m water depth
(Fig. 3c). The outer flank of the channel shifted 30 m laterally, resulting
in up to 20 m vertical erosion. Up to 6 m sediment thickness accumu-
lated on the inner bend, forming a point bar that accreted 10 m laterally
(Fig. 3c).

4.2. Migration rates and eroded volumes

It is not possible to determine an upstream migration rate for the
crescentic bedforms that dominate the relatively steep prodelta slope, as
the same bedform crest cannot be reliably identified in multiple surveys.
Those crescentic bedforms likely migrated many times during the 13-
year period between surveys (e.g. Vendettuoli et al., 2019). We thus
observe a time-averaged pattern of net sediment accumulation on the
prodelta, with local incision by minor channels. Knickpoints show the
fastest channel migration rates of all the observed bedform features,
with a maximum measured upstream movement of 1625 m (Fig. 4),
which equates to an average-migration rate of 136 m/year. In contrast,
the lateral channel migration observed at outer bends is much lower,
with a maximum observed lateral shift in the channel flank of only 67 m,
which equates to an average migration rate of 5.6 m/year. The minimum
total volume of sediment eroded by knickpoint migration is 3.18 x 10°
m®, compared to the 9.34 x 10° m® attributed to outer bend erosion.
Thus, it seems that knickpoints dominate the erosion (accounting for
~77% of the total) observed in this channel system, but their influence is
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not equal along the full length of the channel and is highly spatially
variable.

4.3. Channel curvature explains whether knickpoints or outer bend
erosion dominate

Alternations between reaches characterised by knickpoint migration
or outer bend erosion occur along the channel length and show no clear
relationship with distance from the active delta (Fig. 2). Downslope of
the prodelta, overall channel gradient remains constant (1.4°) and is not
a major control on channel evolution. Instead, we find that outer bend
erosion only dominates at the tightest bends in the system (Fig. 4a),
where the normalised radius of curvature of the channel is below a
threshold value of R* = 1.54 (Fig. 4b). In contrast, when R* > 1.54 (i.e.
the straightest sections of the channel), erosion is dominated by knick-
points that migrate at a faster rate, upstream and around the bend,
rather than orthogonal to the bend (Fig. 4b). Where R* slightly exceeds
1.54 (i.e. around the broad looped bend; Fig. 3c), knickpoints tend to
swing towards the outer edges of the channel, which leads to some,
albeit minor, erosion on the outer bend. However, where R* >> 1.54 (i.
e. the straightest channel sections), erosion is exclusively focused within
the channel axis (Fig. 5d). The normalised radius of curvature of the
channel appears to correspond to locations where erosion is either
dominated by outer bend (R*<1.54) or knickpoint migration (R*>1.54).

5. Discussion
We first discuss the processes that dominate erosion in the submarine

channel in Knight Inlet and how and why channel-normalised radius of
curvature may correlate with the type and rate of erosion observed. We
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compare our findings to observations from fluvial and tidal channels and
discuss their implications for reconstructing past flow behaviour from
ancient submarine channel deposits.

5.1. Knickpoints dominate submarine channel erosion

We show that net erosion in the submarine channel at Knight Inlet is
dominated (77%) by upstream-migration of knickpoints rather than
outer bend erosion (23%). This study thus contributes to a growing
recognition that knickpoints play a key role in channel evolution, as in
the nearby Bute Inlet (Heijnen et al., 2020) and Capbreton Canyon in the
Bay of Biscay (Guiastrennec-Faugas et al., 2020; 2021). Even in the case
of the most prominent channel bend in Knight Inlet, a series of three
knickpoints was observed to migrate almost 1 km upstream around the
bend rather than undergoing lateral migration across the bend and
enlarging the channel. This focus on erosion within the channel axis
likely explains the long-term preservation of this channel bend, which
was first observed in low-resolution seafloor surveys acquired in the late
1980s and has not experienced any cut-off in that time (Bornhold et al.,
1994; Ren et al., 1996; Conway et al., 2012).

5.2. Why does channel bend radius of curvature dictate the mode of
erosion?

Outer bend erosion does play a significant role, however, in some
bends. We found that some sections of the channel (where bends are
tightest; R*<1.54) are dominated by outer bend erosion, and the traces
of knickpoints cannot be identified. Therefore, we now explore why the
nature and rate of erosion differ so markedly depending on normalised
radius of curvature. Frequent turbidity currents are known to occur
within Knight Inlet (Bornhold et al., 1994), and given the similarities in
their source-type, triggering, channel morphology and seafloor sub-
strate, it is reasonable to assume that their nature is similar to flows (of
up to 4 m s1) that have been measured in detail in other nearby fjord-
head submarine channel systems (Bornhold et al., 1994; Hughes
Clarke, 2016; Hage et al., 2019; Chen et al., 2021). Flows that travel
around a bend experience centrifugal acceleration, which is defined by:

F=U’/R

where F is centrifugal acceleration, U is the velocity of the flow, and R is
the radius of curvature. Thus, centrifugal acceleration will be higher at
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tighter (i.e., lower radius) channel bends, and if we assume turbidity
currents in this system have a nominal velocity of 4 m s}, a threshold for
outer bend erosion occurs when the centrifugal component of flow, F >
0.08 m s'1. Higher centrifugal accelerations around channel bends create
super-elevation of the flow on the outer bend of the channel, setting up a
helical secondary (i.e. cross-channel) flow that directs the primary
downstream flow towards the outer bank resulting in enhanced erosion
(Dorrell et al., 2013; Sylvester et al., 2019). In straighter (i.e. higher
radius of curvature) sections of the channel, the influence of centrifugal
acceleration is diminished, and flows will show much less
super-elevation, limiting the potential for outer bend erosion. Enhanced
flow super-elevation, and enhanced secondary flow, are thus inferred to
explain why outer bend erosion only occurs at the tightest (lowest radius
of curvature) channel bends (Fig. 5e). In fluvial systems, the primary
forcing of this curvature-induced outer bank erosion has been debated,
driven either by deposition at the inner bend (bar push), or by erosion at
the outer bank (bank pull) which then drives inner bend deposition (Eke
et al., 2014). However, in submarine channels, outer bend erosion (bank
pull) has been argued for, creating space for the inner bend deposits
(Peakall and Sumner, 2015; Palm et al., 2021). Consequently, it is
probable that this curvature-induced outer bend erosion is driving the
evolution of these channel bends (Fig. Se).

Recent studies in modern systems have suggested that knickpoint
erosion is associated with high Froude number flows, with erosion
enhanced on the steep downstream step as the over-riding flows undergo
a hydraulic jump (Guiastrennec-Faugas et al., 2020; 2021; Heijnen et al.,
2020; Chen et al., 2021). In moderate amplitude bends, approaching the
transition point of R* = 1.54, a combined effect of helical flow fields
resulting from centrifugal acceleration and Froude-supercritical flow
may occur wherein upstream-migration of knickpoints dominates.
However, the focus of erosion may swing towards the outer bend (as
seen in Bute Inlet and the Capbreton Canyon) (Heijnen et al., 2020;
Guiastrennec-Faugas et al., 2020; 2021) due to the influence of cen-
trifugal acceleration on the flow field (Fig. 6). Therefore, we address
previous contradictions concerning which process dominates channel
evolution, showing that different processes can dominate different rea-
ches of the same submarine channel (i.e. no one process fully domi-
nates). This variation likely results from the localised variations in the
curvature of the channel and hence its relative influence on the primary
and secondary flow of turbidity currents. Channel curvature plays an
important role in not only controlling the rate of erosion but also the
nature of erosion. Once a knickpoint is formed, its migration dominantly
up the channel, rather than orthogonal to it, may itself lead to a
straighter section of the channel forming between knickpoints. Hence,
we infer that it is possible that a positive feedback loop exists between
the channel morphology and the mechanism of erosion.

Herein we have focused on the centrifugal force and the role of
curvature, as reflected in the observations, but it is instructive to
examine the role of the centrifugal force in more detail. The centrifugal
force that deflects the primary downstream flow laterally is a function of
both radius of curvature and velocity, and therefore changes in velocity
would also be expected to alter the transition point. Given this, it is
perhaps surprising that the transition between curvature and processes
— outer bend erosion and knickpoints — is as clear and sharp as it is. For
individual bends, the answer to this apparent paradox likely lies in the
observations that most geomorphic work is associated with bankfull
flows (Wolman and Miller, 1960) and that sinuous submarine channels
act to filter the maximum size and thus the velocity of the flows that
traverse them through flow stripping at bends (Amos et al., 2010). As a
consequence, the variation in velocity, at a given bend, for channel
forming flows may not be a key parameter and thus radius of curvature
is the controlling characteristic. Nonetheless, flows will progressively
decelerate downstream, albeit the rate at which this deceleration occurs
in Knight Inlet is unknown. Such deceleration will lead to a progressive
decrease in the angle of secondary current deflection towards the outer
bank relative to the primary (downstream) flow, so it might be expected
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to alter the value of R* at which this transition occurs. The present study
has too few bends to examine whether such a spatial variation in dis-
tance occurs, and as noted, it also lacks the velocity data needed to test
this idea. Longitudinal variations in velocity will similarly affect
knickpoint processes, but again the influence of such changes for now
remains unknown.

5.3. Channel curvature influences migration rate and its direction relative
to the channel axis

Channel curvature is also an important control of meander bend
migration rate in terrestrial rivers and shallow water channel systems.
Normalising radius of curvature, R, to channel width, B, to give R¥,
enables migration rates to be compared between rivers and tidal chan-
nels. Previous studies have found that bend migration is highest at a
normalised radius of curvature of R*~3, wherein rates of migration drop
off rapidly on either side of that value (Hickin and Nanson, 1975;
Finotello et al., 2018). Note that curvature can also be analysed
continuously around a bend, and in that case it has been argued that
there is no decrease in migration rates in the very tightest bends, when
allowing for the observed spatial lag between maximum curvature and
maximum migration (Sylvester et al., 2019; 2021). Herein, however, we
use a single measure of normalised radius of curvature, R*, for a bend
following the approach of Hickin and Nanson (1975) in order to enable
comparison across a range of channel environments.

In comparison, annual migration rates, when normalised for channel
width (0.021-0.043 m/year/channel width), for channel bends below
our observed normalised radius of curvature threshold (equivalent to
R*<1.54) are broadly comparable to mean values reported for rivers and
tidal channels worldwide (~0.03 m/year/width; Finotello et al., 2018).
Whilst using the continuous curvature approach, Covault et al. (2020,
2021) also showed a strong relationship between migration rate and
channel curvature for submarine channels. In the present study, for
values of R* > 1.54, however, there is a significant departure. Specif-
ically, the observed rates of outer bend erosion at Knight Inlet are at least
an order of magnitude lower than those in rivers and tidal channels at
R*>1.54. At Knight Inlet, we see a dominance of upstream-focused
knickpoint migration, which themselves migrate at least an order of
magnitude faster than those in rivers. Physical experiments of subma-
rine channel systems have suggested that the migration rate will reduce
as the radius of curvature decreases (Dorrell et al., 2018), in keeping
with the eventual near cessation of movement of high sinuosity bends in
many systems (Peakall et al., 2000). However, these experiments did not
feature an erodible bed, so knickpoints could not form, and these ex-
periments may lack key features of Knight Inlet (Dorrell et al., 2018).
What is common, however, is that these observations indicate that the
relationships that exist for fluvial and tidal channels do not extend to
submarine channels shaped by turbidity currents. Specifically, in the
present case we show a marked break in migration rates as a function of
normalised radius of curvature, and show that knickpoint dominated
bends have much lower migration rates than equivalent fluvial and tidal
bends. This study of Knight Inlet thus adds to a growing body of research
that concludes that turbidity currents have a distinct behaviour from
rivers, due to the reduced density contrast between the flow and the
ambient surrounding medium, their propensity to super-elevate and run
up slopes due to momentum, their often-variable density stratification,
and the nature of secondary circulation as they travel around channel
bends (e.g. Peakall and Sumner, 2015; Jobe et al., 2016; Shumaker et al.,
2018). We also recognise that other factors that could not be tested in
this study may play a contributory role, such as contrasts in density,
cohesion or mechanical strength between the substrate outside the
channel compared to that within the axis (Schumm, 1963). Future
studies should aim to provide constraints to these physical properties.

As knickpoint incision develops, the vertical incision may start to
entrench the axis of the channel, further inhibiting the development of
bends and lateral migration of the channel, creating a positive feedback.
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This raises the question of how tight bends initiate in such channel
systems. However, the present dataset does not allow this question to be
explicitly answered. We postulate that perhaps some other perturbation
to the morphology is required, as could be created by channel wall
collapse (resulting from lateral flank-steepening during knickpoint
incision) that asymmetrically widens the channel locally, or due to
collapse of material into the axis that creates a new topographic barrier
that reroutes turbidity currents. More temporally closely spaced time-
lapse surveys are required to document any such events, and enable
processes to be examined in more detail.

We consider it broadly reasonable that other similarly active sub-
marine channel systems may behave according to our model; however,
we recognize that other factors may cause some deviation. The nature of
transported sediment controls the substrate that accumulates, eroding
differently based on whether it is granular or cohesive (e.g. Mastbergen
and van den Berg, 2003; Winterwerp et al., 2012). Subsurface and tec-
tonic features can steer flows and affect erosion or deposition. Shallow
sub-cropping or outcropping bedrock, mobile subsurface salt or mud,
fault scarps, and neotectonics can influence the course and steepness of
submarine channels, potentially deviating from our model (Heinio and
Davies, 2007; Mitchell, 2014; Micallef et al., 2014; Covault et al., 2021;
Mitchell et al., 2021). Morphologic disturbances like flank collapses can
alter the channel morphology and change erosion rates (Covault et al.,
2024). Biological effects, which are not included in our model, can also
modify erosion rates (e.g. Azpiroz-Zabala et al., 2024).
Thermohaline-driven bottom currents influence the evolution of sub-
marine channels, often creating asymmetry and unidirectional migra-
tion (e.g. Miramontes et al., 2020; Fuhrmann et al., 2020). We hope our
model spurs testing and future surveys to quantify erosion rates globally,
ideally with three-dimensional flow data to enhance understanding of
flow dynamics.

5.4. Why have knickpoints been under-reported from depositional
records?

Repeat seafloor surveys in Knight Inlet and other systems now show
that knickpoints can dominate erosion in active, deep-sea submarine
channels, and knickpoints are increasingly being recognised from new
high-resolution seafloor surveys of submarine channels around the
world (e.g. Ceramicola et al., 2014; Gales et al., 2019; Guias-
trennec-Faugas et al., 2020, 2021; Heijnen et al., 2020; Chen et al.,
2021). Despite this apparent importance of knickpoints, evidence of
knickpoints remains sparse from studies of ancient systems, in contrast
to abundant examples of outer bend erosion and development of
meandering channels (e.g. Dykstra and Kneller, 2009; Babonneau et al.,
2010; Sylvester et al., 2011; Maier et al., 2012; Jobe et al., 2016). While
the migration rates associated with knickpoints are up to an order of
magnitude higher than that for outer bend erosion in Knight Inlet, Bute
Inlet and Capbreton Canyon, knickpoints remain focused within the
channel/canyon axis. Successive reworking by crescentic bedform
migration has been shown to result in very low stratigraphic preserva-
tion potential on prodeltas and proximal areas of the submarine channel.
For example, <11% of the deposits that accumulated in the axis of
submarine channels on the submerged Squamish Delta over one year
remained in place, as they were subsequently reworked and redeposited
further downstream (Vendettuoli et al., 2019); only lenticular sand
bodies were preserved that represent the infill of scours at the base of
bedforms with their uppermost parts stripped and reworked (Hage et al.,
2019; Englert et al., 2020). As successive knickpoints can migrate up-
stream through the same section of the channel over time (Heijnen et al.,
2020), they also likely rework or remove much of the evidence of the
preceding knickpoint or any crescentic bedforms. Therefore, the diag-
nosis of knickpoints from ancient outcrop-based depositional records
may be especially challenging, relying upon the identification of erosion
surfaces, relatively thin, tabular channel fill packages, or rapid changes
from lag deposits to fine-grained sediments on preserved terraces (Tek
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et al., 2021; Allen et al., 2022). In contrast, the lateral migration of the
channel axis at tight bends means that depositional packages form on
the inner bend of the channel, as well as erosion on the outer bend. These
laterally-accreting inner bend deposits thus have a much higher pres-
ervation potential than either crescentic bedforms or knickpoints.
Timelapse surveys performed by Guiastrennec-Faugas et al. (2021) and
Heijnen et al. (2022) reveal that the presence of knickpoints within the
depositional record may not be preserved beyond annual timescales.
We, therefore, conclude that this contrast in preservation potential ex-
plains the apparent under-recognition of knickpoints compared to outer
bend erosion from ancient depositional archives and that previous
models based on such records may have similarly under-represented the
role of knickpoints in the life cycle of submarine channels. However,
improvements in the acquisition and processing of seismic data, coupled
with a greater process-based understanding has meant that the diag-
nostic signature of knickpoints is starting to become better recognised
(e.g. Sylvester and Covault, 2016; Hansen et al., 2017; Tek et al., 2021).
This present study contributes to a growing body of literature that reveal
the diagnostic criteria for knickpoint identification, including their
morphology, scale and now the reaches of a channel that may be more
prone to knickpoint migration. Future studies should aim to look for
pronounced erosion surfaces, tabular, channel-confined fills, and rapid
vertical grain-size transitions on terraces to investigate the significance
of knickpoints.

6. Conclusions

Based on repeat seafloor surveys across the entirety of a submarine
channel in Knight Inlet, British Columbia, we document changes in
elevation between 2 surveys conducted 13 years apart. These time lapse
surveys are used to investigate the controls on channel evolution.
Upstream-migration of crescentic bedforms dominates the steep (5°)
prodelta slope, while upstream-migration of knickpoints accounts for
77% of the observed erosion in the rest of the channel system, dwarfing
that attributed to outer bend erosion. Different reaches of the channel
are affected to different degrees by these contrasting processes. How-
ever, we show for the first time that channel curvature exerts a strong
influence on which process will dominate and the overall rate of
migration. Tight channel bends (R < 200 m; R* < 1.54) are dominated
by outer bend erosion, which we relate to enhanced centrifugal accel-
eration that drives super-elevation of turbidity currents and focuses
erosion on the outer bend. In contrast, broader channel bends and
straighter sections of the channel (R > 200 m; R*>1.54) are locations
where knickpoints cut deep (up to 20 m) into the channel axis, migrating
much faster (up to 136 m/year upstream) compared to the rate of outer
bend erosion (up to 6 m/year orthogonal to the channel axis). Despite
the apparent dominance of knickpoints in sculpting the channel, we
suggest that their depositional signature is likely to leave a much less
well preserved trace in the rock record, compared to that of laterally-
accreting channel bend deposits. We, therefore, conclude that previ-
ous studies may have under-appreciated the role of knickpoints in
channel cut, maintenance and fill.

CRediT authorship contribution statement

Zaki Zulkifli: Writing — review & editing, Formal analysis. Michael
A. Clare: Writing — review & editing, Supervision. Maarten Heijnen:
Data curation. D . Gwyn Lintern: Data curation. Cooper Stacey: Data
curation. Peter J. Talling: Writing — review & editing, Data curation.
Matthieu J.B. Cartigny: Writing — review & editing, Data curation.
Timothy A. Minshull: Writing — original draft. Hector Marin Moreno:
Writing — original draft. Jeffrey Peakall: Writing — review & editing,
Writing — original draft. Stephen Darby: Writing — review & editing,
Writing — original draft.



Z. Zulkifli et al.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

Zulkifli is funded by Universiti Malaysia Terengganu (UMT) Ref:
UMT/PPBI/500-4/4/2 (63). We acknowledge NERC funding (NE/
R015953/1, NE/M007138/1, NE/M017540/1, NE/P009190/1, NE/
P005780/1). We thank the Editor, Jean-Philippe Avouac, Katherine
Maier and Zoltan Sylvester for their insightful reviews, which improved
the final paper. We thank the captain and crew of the CCG for their ef-
forts in acquiring the seafloor surveys analysed in this study. We also
thank Esther Sumner for helpful comments on earlier drafts of this
manuscript.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.epsl.2024.118953.

References

Abreu, V., Sullivan, M., Pirmez, C., Mohrig, D., 2003. Lateral accretion packages (LAPs):
an important reservoir element in deep water sinuous channels. Mar. Pet. Geol. 20,
631-648. https://doi.org/10.1016/j.marpetgeo.2003.08.003.

Allen, C., Gomis Cartesio, L.E., Hodgson, D.M., Peakall, J., Milana, J.P., 2022. Channel
incision into a submarine landslide on a Carboniferous basin margin, San Juan,
Argentina: evidence for the role of knickpoints. Depos. Rec. 8, 628-655. https://doi.
org/10.1002/dep2.178.

Amos, K.J., Peakall, J., Bradbury, P.W., Roberts, M., Keevil, G.M., Gupta, S., 2010. The
influence of bend amplitude and planform morphology on flow and sedimentation in
submarine channels. Mar. Pet. Geol. 27 (7), 1431-1447. https://doi.org/10.1016/].
marpetgeo.2010.05.004.

Azpiroz-Zabala, M., Cartigny, M.J.B., Talling, P.J., Parsons, D.R., Sumner, E.J., Clare, M.
A., Simmons, S.M., Cooper, C., Pope, E.L., 2017. Newly recognized turbidity current
structure can explain prolonged flushing of submarine canyons. Sci. Adv. 3, 170020
https://doi.org/10.1126/sciadv.1700200.

Azpiroz-Zabala, M., Sumner, E.J., Cartigny, M.J.B., Peakall, J., Clare, M.A., Darby, S.E.,
Parsons, D.R., Dorrell, R.M., Ozsoy, E., Tezcan, D., Wynn, R.B., Johnson, J., 2024.
Benthic biology influences sedimentation in submarine channel bends: coupling of
biology, sedimentation and flow. Depos. Rec. 10, 159-175. https://doi.org/
10.1002/dep2.265.

Babonneau, N., Savoye, B., Cremer, M., Bez, M., 2010. Sedimentary architecture in
meanders of a submarine channel: detailed study of the present Congo Turbidite
channel (Zaiango Project). J. Sediment. Res. 80, 852-866. https://doi.org/10.2110/
jsr.2010.078.

Carter, L., Gavey, R., Talling, P., Liu, J., 2014. Insights into submarine Geohazards from
breaks in subsea telecommunication cables. Oceanography 27, 58-67. https://doi.
org/10.5670/0ceanog.2014.40.

Ceramicola, S., Praeg, D., Coste, M., Forlin, E., Cova, A., Colizza, E., Critelli, S., 2014.
Submarine mass-movements along the slopes of the active Ionian continental
margins and their consequences for marine Geohazards (Mediterranean Sea).
Krastel, S., Behrmann, J.H., Volker, D., Stipp, M., Berndt, C., Urgeles, R. et al. eds..
In: Proceedings of the Submarine Mass Movements and Their Consequences: 6th
International Symposium. Cham. Springer International Publishing, pp. 295-306.
https://doi.org/10.1007/978-3-319-00972-8 26. Advances in Natural and
Technological Hazards Research.

Chen, Y., Parsons, D., Simmons, S., Williams, R., Cartigny, M., Clarke, J.E.H.,
Vendettuoli, D., 2021. Knickpoints and crescentic bedform interactions in submarine
channels. Sedimentology 68 (4), 1358-1377. https://doi.org/10.1111/sed.12886.

Clift, P., Gaedicke, C., 2002. Accelerated mass flux to the Arabian Sea during the middle
to late Miocene. Geology 30, 207-210. https://doi.org/10.1130/0091-7613(2002)
030<0207:AMFTTA>2.0.CO;2.

Conway, K.W., Barrie, J.V., Picard, K., Bornhold, B.D., 2012. Submarine channel
evolution: active channels in fjords, British Columbia, Canada. Geo-Mar. Lett. 32,
301-312. https://doi.org/10.1007/500367-012-0280-4.

Covault, J.A., Kostic, S., Paull, C.K., Sylvester, Z., Fildani, A., 2017. Cyclic steps and
related supercritical bedforms: building blocks of deep-water depositional systems,

11

Earth and Planetary Science Letters 646 (2024) 118953

western North America. Mar. Geol. 393, 4-20. https://doi.org/10.1016/].
margeo.2016.12.009.

Covault, J.A., Kostic, S., Paull, C.K., Ryan, H.F., Fildani, A., 2014. Submarine channel
initiation, filling and maintenance from seafloor geomorphology and
morphodynamic modelling of cyclic steps. Sedimentology 61, 1031-1054. https://
doi.org/10.1111/sed.12084.

Covault, J., Sylvester, Z., Hubbard, S., Jobe, Z., Sech, R., 2016. The stratigraphic record
of submarine-channel evolution. Sediment. Rec. 14, 4-11. https://doi.org/10.2110/
sedred.2016.3.

Covault, J.A., Sylvester, Z., Hudec, M.R., Ceyhan, C., Dunlap, D., 2020. Submarine
channels ‘swept’ downstream after bend cutoff in salt basins. Depos. Rec. 6,
259-272.

Covault, J.A., Sylvester, Z., Ceyhan, C., Dunlap, D.B., 2021. Giant meandering channel
evolution, Campos deep-water salt basin, Brazil. Geosphere 17 (6), 1869-1889.
Covault, J.A., Sylvester, Z., Dunlap, D.B., 2024. Submarine-channel meandering reset by
landslide filling, taranaki basin, new zealand. Depos. Rec. https://doi.org/10.1002/

dep2.267.

Dorrell, R.M., Peakall, J., Burns, C., Keevil, G.M., 2018. A novel mixing mechanism in
sinuous seafloor channels: implications for submarine channel evolution.
Geomorphology 303, 1-12. https://doi.org/10.1016/j.geomorph.2017.11.008.

Dorrell, R.M., Darby, S.E., Peakall, J., Sumner, E.J., Parsons, D.R., Wynn, R.B., 2013.
Super-elevation and overspill control secondary flow dynamics in submarine
channels. J. Geophys. Res. Oceans 118, 3895-3915. https://doi.org/10.1002/
jgre.20277.

Dykstra, M., Kneller, B., 2009. Lateral accretion in a deep-marine channel complex:
implications for channellized flow processes in turbidity currents. Sedimentology 56,
1411-1432. https://doi.org/10.1111/j.1365-3091.2008.01040.x.

Eke, E., Czapiga, M.J., Viparelli, E., Shimizu, Y., Imran, J., Sun, T., Parker, G., 2014.
Coevolution of width and sinuosity in meandering rivers. J. Fluid Mech. 760,
127-174. https://doi.org/10.1017/jfm.2014.556.

Englert, R.G., Hubbard, S.M., Cartigny, M., Clare, M., Coutts, D.S., Hage, S.,
Vendettuoli, D., 2020. Quantifying the three-dimensional stratigraphic expression of
cyclic steps by integrating seafloor and deep-water outcrop observations.
Sedimentology 68 (4), 1465-1501. https://doi.org/10.1111/sed.12772.

Finotello, A., Lanzoni, S., Ghinassi, M., Marani, M., Rinaldo, A., D’Alpaos, A., 2018. Field
migration rates of tidal meanders recapitulate fluvial morphodynamics. Proc. Natl.
Acad. Sci. 115, 1463-1468. https://doi.org/10.1073/pnas.1711330115.

Fuhrmann, A., Kane, LA., Clare, M.A., Ferguson, R.A., Schomacker, E., Bonamini, E.,
Contreras, F.A., 2020. Hybrid turbidite-drift channel complexes: an integrated
multiscale model. Geology 48 (6), 562-568.

Gales, J.A., Talling, P.J., Cartigny, M.J.B., Hughes Clarke, J., Lintern, G., Stacey, C.,
Clare, M.A., 2019. What controls submarine channel development and the
morphology of deltas entering deep-water fjords? Earth Surf. Process. Landf. 44,
535-551. https://doi.org/10.1002/esp.4515.

Giorgio Serchi, F., Peakall, J., Ingham, D.B., Burns, A.D., 2011. A unifying computational
fluid dynamics investigation on the river-like to river-reversed secondary circulation
in submarine channel bends. J. Geophys. Res. Oceans 116, C06012. https://doi.org/
10.1029/2010JC006361.

Guiastrennec-Faugas, L., Gillet, H., Peakall, J., Dennielou, B., Gaillot, A., Jacinto, R.S.,
2021. Initiation and evolution of knickpoints and their role in cut-and-fill processes
in active submarine channels. Geology 49, 314-319. https://doi.org/10.1130/
G48369.1.

Guiastrennec-Faugas, L., Gillet, H., Silva Jacinto, R., Dennielou, B., Hanquiez, V.,
Schmidt, S., Simplet, L., Rousset, A., 2020. Upstream migrating knickpoints and
related sedimentary processes in a submarine canyon from a rare 20-year
morphobathymetric time-lapse (Capbreton submarine canyon, Bay of Biscay,
France). Mar. Geol. 423, 106143 https://doi.org/10.1016/j.margeo.2020.106143.

Hage, S., Cartigny, M., Sumner, E.J., Clare, M., Clarke, J.E.H., Talling, P.J., Watts, C.,
2019. Direct monitoring reveals initiation of turbidity currents from extremely dilute
river plumes. Geophys. Res. Lett. 46 (20), 11310-11320. https://doi.org/10.1029/
2019 gl084526.

Hage, S., Cartigny, M., Clare, M., Sumner, E.J., Vendettuoli, D., Clarke, J.E.H.,
Vellinga, A., 2018. How to recognize crescentic bedforms formed by supercritical
turbidity currents in the geologic record: insights from active submarine channels.
Geology 46 (6), 563-566. https://doi.org/10.1130/g40095.1.

Hamilton, P.B., Strom, K.B., Hoyal, D.C.J.D., 2015. Hydraulic and sediment transport
properties of autogenic avulsion cycles on submarine fans with supercritical
distributaries. J. Geophys. Res. Earth Surf. 120, 1369-1389. https://doi.org/
10.1002/2014JF003414.

Hansen, L., Janocko, M., Kane, 1., Kneller, B., 2017. Submarine channel evolution,
terrace development, and preservation of intra-channel thin-bedded turbidites:
mahin and Avon channels, offshore Nigeria. Mar. Geol. 383, 146-167. https://doi.
org/10.1016/j.margeo.2016.11.011.

Heijnen, M.S., Clare, M.A., Cartigny, M.J., Talling, P.J., Hage, S., Pope, E.L., Bailey, L.,
Sumner, E., Lintern, D.G., Stacey, C., Parsons, D.R., 2022. Fill, flush or shuffle: how is
sediment carried through submarine channels to build lobes? Earth Planet. Sci. Lett.
584, 117481.

Heijnen, M., Clare, M., Cartigny, M., Talling, P.J., Hage, S., Lintern, G., Clarke, J.E.H.,
2020. Rapidly-migrating and internally-generated knickpoints can control
submarine channel evolution. Nat. Commun. 11 (1) https://doi.org/10.1038/
$41467-020-16861-x.

Heinio, P., Davies, R.J., 2007. Knickpoint migration in submarine channels in response to
fold growth, western Niger Delta. Mar. Pet. Geol. 24, 434-449. https://doi.org/
10.1016/j.marpetgeo.2006.09.002.


https://doi.org/10.1016/j.epsl.2024.118953
https://doi.org/10.1016/j.marpetgeo.2003.08.003
https://doi.org/10.1002/dep2.178
https://doi.org/10.1002/dep2.178
https://doi.org/10.1016/j.marpetgeo.2010.05.004
https://doi.org/10.1016/j.marpetgeo.2010.05.004
https://doi.org/10.1126/sciadv.1700200
https://doi.org/10.1002/dep2.265
https://doi.org/10.1002/dep2.265
https://doi.org/10.2110/jsr.2010.078
https://doi.org/10.2110/jsr.2010.078
https://doi.org/10.5670/oceanog.2014.40
https://doi.org/10.5670/oceanog.2014.40
https://doi.org/10.1007/978-3-319-00972-8_26
https://doi.org/10.1111/sed.12886
https://doi.org/10.1130/0091-7613(2002)030&tnqh_x003C;0207:AMFTTA&tnqh_x003E;2.0.CO;2
https://doi.org/10.1130/0091-7613(2002)030&tnqh_x003C;0207:AMFTTA&tnqh_x003E;2.0.CO;2
https://doi.org/10.1007/s00367-012-0280-4
https://doi.org/10.1016/j.margeo.2016.12.009
https://doi.org/10.1016/j.margeo.2016.12.009
https://doi.org/10.1111/sed.12084
https://doi.org/10.1111/sed.12084
https://doi.org/10.2110/sedred.2016.3
https://doi.org/10.2110/sedred.2016.3
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0015
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0015
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0015
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0016
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0016
https://doi.org/10.1002/dep2.267
https://doi.org/10.1002/dep2.267
https://doi.org/10.1016/j.geomorph.2017.11.008
https://doi.org/10.1002/jgrc.20277
https://doi.org/10.1002/jgrc.20277
https://doi.org/10.1111/j.1365-3091.2008.01040.x
https://doi.org/10.1017/jfm.2014.556
https://doi.org/10.1111/sed.12772
https://doi.org/10.1073/pnas.1711330115
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0024
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0024
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0024
https://doi.org/10.1002/esp.4515
https://doi.org/10.1029/2010JC006361
https://doi.org/10.1029/2010JC006361
https://doi.org/10.1130/G48369.1
https://doi.org/10.1130/G48369.1
https://doi.org/10.1016/j.margeo.2020.106143
https://doi.org/10.1029/2019 gl084526
https://doi.org/10.1029/2019 gl084526
https://doi.org/10.1130/g40095.1
https://doi.org/10.1002/2014JF003414
https://doi.org/10.1002/2014JF003414
https://doi.org/10.1016/j.margeo.2016.11.011
https://doi.org/10.1016/j.margeo.2016.11.011
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0033
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0033
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0033
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0033
https://doi.org/10.1038/s41467-020-16861-x
https://doi.org/10.1038/s41467-020-16861-x
https://doi.org/10.1016/j.marpetgeo.2006.09.002
https://doi.org/10.1016/j.marpetgeo.2006.09.002

Z. Zulkifli et al.

Hickin, E.J., Nanson, G.C., 1975. The Character of channel migration on the Beatton
River, Northeast British Columbia, Canada. GSA Bull. 86, 487-494. https://doi.org/
10.1130/0016-7606(1975)86<487:TCOCMO>2.0.CO;2.

Hughes Clarke, E.J., 2016. First wide-angle view of channelised turbidity currents links
migrating cyclic steps to flow characteristics. Nat. Commun. 7, 11896. https://doi.
org/10.1038/ncomms11896.

Hughes Clarke, E.J., Marques, C.R.V., Pratomo, D., 2014. Imaging active mass-wasting
and sediment flows on a fjord delta, Squamish, British Columbia. Krastel, S.,
Behrmann, J.H., Volker, D., Stipp, M., Berndt, C., Urgeles, R. et al. (Eds.). In:
Proceedings of the Submarine Mass Movements and Their Consequences: 6th
International Symposium, Advances in Natural and Technological Hazards Research.
Cham. Springer International Publishing, pp. 249-260. https://doi.org/10.1007/
978-3-319-00972-8_22.

Jobe, Z.R., Howes, N.C., Auchter, N.C., 2016. Comparing submarine and fluvial channel
kinematics: implications for stratigraphic architecture. Geology 44, 931-934.
https://doi.org/10.1130/G38158.1.

Keevil, G.M., Peakall, J., Best, J.L., Amos, K.J., 2006. Flow structure in sinuous
submarine channels: velocity and turbulence structure of an experimental submarine
channel. Mar. Geol. 229, 241-257. https://doi.org/10.1016/j.margeo.2006.03.010.

Kolla, V., Bandyopadhyay, A., Gupta, P., Mukherjee, B., Ramana, D.V., 2012.
Morphology and internal structure of a recent upper bengal fan-valley complex.
Prather, B.E., Deptuck, M.E., Mohrig, D., Hoorn, B.V., and Wynn, R.B. eds.. In:
Application of the Principles of Seismic Geomorphology to Continental Slope and
Base-of-Slope Systems: Case Studies from SeaFloor and Near-Sea Floor Analogues,
99. SEPM Society for Sedimentary Geology, p. 0. https://doi.org/10.2110/
pec.12.99.0347.

Maier, K.L., Fildani, A., McHargue, T.R., Paull, C.K., Graham, S.A., Caress, D.W., 2012.
Punctuated deep-water channel migration: high-resolution subsurface data from the
Lucia Chica channel system, offshore California, U.S.A. J. Sediment. Res. 82, 1-8.
https://doi.org/10.2110/jsr.2012.10.

Mastbergen, D.R., Van Den Berg, J.H., 2003. Breaching in fine sands and the generation
of sustained turbidity currents in submarine canyons. Sedimentology 50 (4),
625-637.

Micallef, A., Mountjoy, J.J., Barnes, P.M., Canals, M., Lastras, G., 2014. Geomorphic
response of submarine canyons to tectonic activity: insights from the Cook Strait
canyon system, New Zealand. Geosphere 10 (5), 905-929.

Miramontes, E., Eggenhuisen, J.T., Jacinto, R.S., Poneti, G., Pohl, F., Normandeau, A.,
Campbell, D.C., Hernandez-Molina, F.J., 2020. Channel-levee evolution in combined
contour current-turbidity current flows from flume-tank experiments. Geology 48
(4), 353-357.

Mitchell, N.C., 2006. Morphologies of knickpoints in submarine canyons. GSA Bull. 118,
589-605. https://doi.org/10.1130/B25772.1.

Mitchell, N.C., 2014. Bedrock erosion by sedimentary flows in submarine canyons.
Geosphere 10 (5), 892-904.

Mitchell, W.H., Whittaker, A.C., Mayall, M., Lonergan, L., Pizzi, M., 2021. Quantifying
the relationship between structural deformation and the morphology of submarine
channels on the Niger Delta continental slope. Basin Res. 33 (1), 186-209.

Mulder, T., 2011. Chapter 2 - gravity processes and deposits on continental slope, rise
and abyssal plains. In: HiiNeke, H., Mulder, T. (Eds.), Developments in
Sedimentology, Deep-Sea Sediments, 63. Elsevier, pp. 25-148. https://doi.org/
10.1016/B978-0-444-53000-4.00002-0.

Palm, F.A., Peakall, J., Hodgson, D.M., Marsset, T., Silva Jacinto, R., Dennielou, B.,
Babonneau, N., Wright, T.J., 2021. Width variation around submarine channel
bends: implications for sedimentation and channel evolution. Mar. Geol. 437,
106504 https://doi.org/10.1016/j.margeo.2021.106504.

Parsons, D.R., Peakall, J., Aksu, A.E., Flood, R.D., Hiscott, R.N., Besiktepe, S.,
Mouland, D., 2010. Gravity-driven flow in a submarine channel bend: direct field
evidence of helical flow reversal. Geology 38, 1063-1066. https://doi.org/10.1130/
G31121.1.

Paull, C.K., Talling, P.J., Maier, K.L., Parsons, D., Xu, J., Caress, D.W., Gwiazda, R.,
Lundsten, E.M., Anderson, K., Barry, J., Chaffey, M., O’Reilly, T., Rosenberger, K.J.,
Gales, J., Kieft, B., McGann, M., Simmons, S., McCann, M., Sumner, E.J.,

Cartigny, M., 2018. Powerful turbidity currents driven by dense basal layers. Nat.
Commun. 9, 4114, https://doi.org/10.1038/541467-018-06254-6.

Peakall, J., Sumner, E.J., 2015. Submarine channel flow processes and deposits: a
process-product perspective. Geomorphology 244, 95-120. https://doi.org/
10.1016/j.geomorph.2015.03.005.

Peakall, J., Amos, K.J., Keevil, G.M., William Bradbury, P., Gupta, S., 2007. Flow
processes and sedimentation in submarine channel bends. Mar. Pet. Geol. 24,
470-486. https://doi.org/10.1016/j.marpetgeo.2007.01.008.

Peakall, J., McCaffrey, B., Kneller, B., 2000. A process model for the evolution,
morphology, and architecture of sinuous submarine channels. J. Sediment. Res. 70,
434-448. https://doi.org/10.1306/2DC4091C-0E47-11D7-8643000102C1865D.

Rabouille, C., Dennielou, B., Baudin, F., Raimonet, M., Droz, L., Khripounoff, A., Olu, K.,
2019. Carbon and silica megasink in deep-sea sediments of the congo terminal lobes.
Quat. Sci. Rev. 222, 105854 https://doi.org/10.1016/j.quascirev.2019.07.036.

Ren, P., Bornhold, B.D., Prior, D.B., 1996. Seafloor morphology and sedimentary
processes, Knight Inlet, British Columbia. Sediment. Geol. 103, 201-228. https://
doi.org/10.1016,/0037-0738(95)00090-9.

Earth and Planetary Science Letters 646 (2024) 118953

Sequeiros, O.E., Bolla Pittaluga, M., Frascati, A., Pirmez, C., Masson, D.G., Weaver, P.,
Crosby, A.R., Lazzaro, G., Botter, G., Rimmer, J.G., 2019. How typhoons trigger
turbidity currents in submarine canyons. Sci. Rep. 9, 9220. https://doi.org/10.1038/
$41598-019-45615-z.

Schumm, S.A., 1963. Sinuosity of alluvial rivers on the Great Plains. GSA Bull. 74,
1089-1100.

Shumaker, L.E., Jobe, Z.R., Johnstone, S.A., Pettinga, L.A., Cai, D., Moody, J.D., 2018.
Controls on submarine channel-modifying processes identified through
morphometric scaling relationships. Geosphere 14, 2171-2187. https://doi.org/
10.1130/GES01674.1.

Silva, T.A., Girardclos, S., Stutenbecker, L., Bakker, M., Costa, A., Schlunegger, F.,
Lane, S.N., Molnar, P., Loizeau, J.L., 2019. The sediment budget and dynamics of a
delta-canyon-lobe system over the Anthropocene timescale: the Rhone River delta,
Lake Geneva (Switzerland/France). Sedimentology 66, 838-858. https://doi.org/
10.1111/sed.12519.

Spinewine, B., Sequeiros, O.E., Garcia, M.H., Beaubouef, R.T., Sun, T., Savoye, B.,
Parker, G., 2009. Experiments on wedge-shaped deep sea sedimentary deposits in
Minibasins and/or on channel levees emplaced by turbidity currents. Part II.
Morphodynamic evolution of the wedge and of the associated Bedforms.

J. Sediment. Res. 79, 608-628. https://doi.org/10.2110/jsr.2009.065.

Stright, L., Jobe, Z., Fosdick, J.C., Bernhardt, A., 2017. Modeling uncertainty in the three-
dimensional structural deformation and stratigraphic evolution from outcrop data:
implications for submarine channel knickpoint recognition. Mar. Pet. Geol. 86,
79-94. https://doi.org/10.1016/j.marpetgeo.2017.05.004.

Sumner, E.J., Peakall, J., Dorrell, R.M., Parsons, D.R., Darby, S.E., Wynn, R.B.,
McPhalil, S.D., Perrett, J., Webb, A., White, D., 2014. Driven around the bend: spatial
evolution and controls on the orientation of helical bend flow in a natural submarine
gravity current. J. Geophys. Res. Oceans 119, 898-913. https://doi.org/10.1002/
2013JC009008.

Sylvester, Z., Covault, J.A., 2016. Development of cutoff-related knickpoints during early
evolution of submarine channels. Geology 44, 835-838. https://doi.org/10.1130/
G38397.1.

Sylvester, Z., Pirmez, C., Cantelli, A., 2011. A model of submarine channel-levee
evolution based on channel trajectories: implications for stratigraphic architecture.
Mar. Pet. Geol. 28, 716-727. https://doi.org/10.1016/j.marpetgeo.2010.05.012.

Sylvester, Z., Durkin, P., Covault, J.A., 2019. High curvatures drive river meandering.
Geology 47, 263-266. https://doi.org/10.1130/G45608.1.

Sylvester, Z., Durkin, P.R., Hubbard, S.M., Mohrig, D., 2021. Autogenic translation and
counter point bar deposition in meandering rivers. Geol. Soc. Am. Bull. 133,
2439-2456.

Symons, W., Sumner, E.J., Talling, P.J., Cartigny, M., Clare, M., 2016. Large-scale
sediment waves and scours on the modern seafloor and their implications for the
prevalence of supercritical flows. Mar. Geol. 371, 130-148. https://doi.org/
10.1016/j.margeo.2015.11.009.

Talling, P.J., Allin, J.R., Armitage, D.A., Arnott, R.W.C., Cartigny, M., Clare, M., Xu, J.,
2015. Key future directions for research on turbidity currents and their deposits.

J. Sediment. Res. 85 (2), 153-169. https://doi.org/10.2110/jsr.2015.03.

Talling, P.J., Hage, S., Baker, M.L., Bianchi, T.S., Hilton, R., Maier, K.L., 2024. The global
turbidity current pump and its implications for organic carbon cycling. Ann. Rev.
Mar. Sci. 16 (1), 105-133. https://doi.org/10.1146/annurev-marine-03222.3-
103626.

Tek, D.E., McArthur, A.D., Poyatos-Moré, M., Colombera, L., Patacci, M., Craven, B.,
McCaffrey, W.D., 2021. Relating seafloor geomorphology to subsurface architecture:
how mass-transport deposits and knickpoint-zones build the stratigraphy of the
deep-water Hikurangi Channel. Sedimentology 68, 3141-3190. https://doi.org/
10.1111/sed.12890.

Tian, D., Jiang, T., Wang, H., Zhang, D., Meiburg, E., 2023. Flow dynamics and
sedimentation at a turbidity channel confluence in the Yinggchai Basin,
northwestern South China Sea. Geoenergy Sci. Eng. 227, 211927.

Vendettuoli, D., Clare, M., Clarke, J.E.H., Vellinga, A., Hizzet, J., Hage, S., Lintern, G,
2019. Daily bathymetric surveys document how stratigraphy is built and its extreme
incompleteness in submarine channels. Earth Planet. Sci. Lett. 515, 231-247.
https://doi.org/10.1016/j.epsl.2019.03.033.

Wolman, M.G., Miller, J.P., 1960. Magnitude and frequency of forces in geomorphic
processes. J. Geol. 68 (1), 54-74. https://doi.org/10.1086/626637.

Wei, T., Peakall, J., Parsons, D.R., Chen, Z., Zhao, B., Best, J., 2013. Three-dimensional
gravity-current flow within a subaqueous bend: spatial evolution and force balance
variations. Sedimentology 60, 1668-1680. https://doi.org/10.1111/sed.12052.

Weihaupt, J.G., 1989. Disparities in the Forms of River Meanders and Oxbow Lakes (A
Case Study). Water Resources Publications, Littleton, p. 186.

Winterwerp, J.C., van Kesteren, W.G.M., van Prooijen, B., Jacobs, W., 2012.

A conceptual framework for shear flow—induced erosion of soft cohesive sediment
beds. J. Geophys. Res. Oceans 117, C10020.

Zeng, J., Lowe, D.R., Prior, D.B., Wiseman Jr., W.J., Bornhold, B.D., 1991. Flow
properties of turbidity currents in Bute Inlet, British Columbia. Sedimentology 38,
975-996. https://doi.org/10.1111/j.1365-3091.1991.tb00367.x.

12


https://doi.org/10.1130/0016-7606(1975)86&tnqh_x003C;487:TCOCMO&tnqh_x003E;2.0.CO;2
https://doi.org/10.1130/0016-7606(1975)86&tnqh_x003C;487:TCOCMO&tnqh_x003E;2.0.CO;2
https://doi.org/10.1038/ncomms11896
https://doi.org/10.1038/ncomms11896
https://doi.org/10.1007/978-3-319-00972-8_22
https://doi.org/10.1007/978-3-319-00972-8_22
https://doi.org/10.1130/G38158.1
https://doi.org/10.1016/j.margeo.2006.03.010
https://doi.org/10.2110/pec.12.99.0347
https://doi.org/10.2110/pec.12.99.0347
https://doi.org/10.2110/jsr.2012.10
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0043
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0043
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0043
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0044
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0044
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0044
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0045
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0045
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0045
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0045
https://doi.org/10.1130/B25772.1
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0047
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0047
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0048
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0048
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0048
https://doi.org/10.1016/B978-0-444-53000-4.00002-0
https://doi.org/10.1016/B978-0-444-53000-4.00002-0
https://doi.org/10.1016/j.margeo.2021.106504
https://doi.org/10.1130/G31121.1
https://doi.org/10.1130/G31121.1
https://doi.org/10.1038/s41467-018-06254-6
https://doi.org/10.1016/j.geomorph.2015.03.005
https://doi.org/10.1016/j.geomorph.2015.03.005
https://doi.org/10.1016/j.marpetgeo.2007.01.008
https://doi.org/10.1306/2DC4091C-0E47-11D7-8643000102C1865D
https://doi.org/10.1016/j.quascirev.2019.07.036
https://doi.org/10.1016/0037-0738(95)00090-9
https://doi.org/10.1016/0037-0738(95)00090-9
https://doi.org/10.1038/s41598-019-45615-z
https://doi.org/10.1038/s41598-019-45615-z
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0059
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0059
https://doi.org/10.1130/GES01674.1
https://doi.org/10.1130/GES01674.1
https://doi.org/10.1111/sed.12519
https://doi.org/10.1111/sed.12519
https://doi.org/10.2110/jsr.2009.065
https://doi.org/10.1016/j.marpetgeo.2017.05.004
https://doi.org/10.1002/2013JC009008
https://doi.org/10.1002/2013JC009008
https://doi.org/10.1130/G38397.1
https://doi.org/10.1130/G38397.1
https://doi.org/10.1016/j.marpetgeo.2010.05.012
https://doi.org/10.1130/G45608.1
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0068
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0068
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0068
https://doi.org/10.1016/j.margeo.2015.11.009
https://doi.org/10.1016/j.margeo.2015.11.009
https://doi.org/10.2110/jsr.2015.03
https://doi.org/10.1146/annurev-marine-032223-103626
https://doi.org/10.1146/annurev-marine-032223-103626
https://doi.org/10.1111/sed.12890
https://doi.org/10.1111/sed.12890
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0073
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0073
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0073
https://doi.org/10.1016/j.epsl.2019.03.033
https://doi.org/10.1086/626637
https://doi.org/10.1111/sed.12052
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0077
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0077
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0078
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0078
http://refhub.elsevier.com/S0012-821X(24)00386-8/sbref0078
https://doi.org/10.1111/j.1365-3091.1991.tb00367.x

	A threshold in submarine channel curvature explains erosion rate and type
	1 Introduction
	2 Aims
	3 Data and methods
	4 Results
	4.1 Processes responsible for seafloor change
	4.1.1 Crescentic bedforms on the prodelta slope
	4.1.2 Upstream-migration of knickpoints
	4.1.3 Lateral migration of outer bends

	4.2 Migration rates and eroded volumes
	4.3 Channel curvature explains whether knickpoints or outer bend erosion dominate

	5 Discussion
	5.1 Knickpoints dominate submarine channel erosion
	5.2 Why does channel bend radius of curvature dictate the mode of erosion?
	5.3 Channel curvature influences migration rate and its direction relative to the channel axis
	5.4 Why have knickpoints been under-reported from depositional records?

	6 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Supplementary materials
	References


