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Abstract

The largest canyons on Earth occur on the seafloor, and seabed sediment flows called turbidity cur-
rents play a key role in carving these submarine canyons. However, the processes by which turbidity
currents erode submarine canyons are very poorly documented and understood. Here we analyse
the first detailed time-lapse bathymetric surveys of a large submarine canyon, and its continuation
as a less-deeply incised channel. These are also the most comprehensive time-lapse surveys before
and after a major canyon-channel flushing turbidity current. These unique field data come from the
Congo Submarine Fan offshore West Africa, where canyon flushing turbidity currents between 2019
and 2020 eroded ~2.65 km? of seabed sediment, as they travelled for over 1,100 km at speeds of 5-8
m/s. This eroded sediment volume is equivalent to ~19-33% of global sediment flux from all rivers to
the oceans. The time-lapse surveys cover 40% of the 1,100 km long submarine canyon-channel. They
show that erosion was predominantly (94%) along the canyon-channel axis, with only 6% from fail-
ures along canyon or channel flanks. However, erosion along the canyon-channel floor was very
patchy; some areas were eroded to depths of 10-20 m, whilst intervening areas showed no signifi-
cant change. Knickpoints with up-slope migrating headscarps account for 22% of the total eroded
volume. One knickpoint in the deep-sea channel migrated by 21 km in one year, making it the fastest
moving submarine knickpoint yet documented. Most (62%) eroded sediment was in zones extending
across the canyon or channel floor, without distinct headscarps as is the case for knickpoints. Erosion
restricted to outer bends only comprised 10% of the total, suggesting processes of erosion differ
significantly from meandering rivers in which outer bend erosion is more important. Patchy seabed
erosion appears to be mainly due to flow-bed processes (e.g. knickpoints), but spatial variations in
seabed sediment properties may also play a role. The irregular seabed erosion occurs despite near-
uniform flow speeds observed between moorings and submarine cable breaks with spacing of tens
to hundreds of kilometers. Patchy and localised erosion has important implications for assessing

hazards to seabed telecommunication cables, which are more likely to break in areas of deep ero-



sion, and for creating appropriate numerical models of seabed erosion and turbidity current behav-

iour, or how to interpretate ancient submarine canyons and channels in rock outcrops.
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1 Introduction

The deepest canyons on Earth occur on the seafloor (Normark and Carlson, 2003), and these subma-
rine canyons can lead to submarine channels whose dimensions can rival or exceed those of largest
terrestrial river systems (Peakall and Sumner, 2015). Sediment that is flushed through these subma-
rine canyon-channels forms the largest sediment accumulations on Earth, called submarine fans,
which also produce unusually thick sedimentary sequences within the ancient rock record (e.g. Nor-

mark et al., 1993; Hodgson et al., 2011; Hubbard et al., 2020).

Powerful seafloor flows of sediment (turbidity currents) play a critical role in forming and maintain-
ing both submarine canyons (Paull et al., 2018), and less-deeply incised submarine channels (Peakall
and Sumner, 2015). These turbidity currents can be generated by disintegration of seafloor land-
slides, which may themselves excavate canyon walls, as well as by sediment plumes from river
mouths and other processes (Talling et al., 2023). Turbidity currents include the longest sediment
flows on Earth, sometimes travelling for hundreds or even thousands of kilometers and reaching
speeds of 5-19 m/s (Piper et al., 1991; Talling et al., 2022, 2023). These flows can be subdivided into
two types (Parker, 1982; Piper and Savoye, 1993; Canals et al., 2006; Talling et al., 2012; Allin et al.,
2016a). ‘Canyon-filling’ turbidity currents terminate within canyons, and although they can locally
erode sediment, they deposit all of their sediment within the canyon. It is much more powerful and
infrequent ‘canyon-flushing’ turbidity currents that primarily erode and carve submarine canyons,
and transfer sediment beyond the end of submarine channels (Normark and Piper, 1991; Allin et al.,

2016a; Heijnen et al., 2020, 2022; Talling et al., 2022). The volume of sediment carried in canyon-



flushing events may be orders of magnitude larger than canyon-filling events (Allin et al., 2016b;

Mountjoy et al., 2018; Talling et al., 2022).

Although it is known there is a general link between turbidity currents and submarine canyon-
channel formation, the detailed processes by which seafloor erosion actually occurs are very poorly
documented and thus understood. This knowledge gap reflects a lack of detailed information on
patterns and processes of seabed erosion by turbidity currents, especially the most powerful and
important canyon-flushing events. The study presented here is important because it provide a de-
tailed analysis of the first bathymetric surveys before and after major canyon-flushing turbidity cur-
rents, which were collected in the Congo Submarine Canyon and Channel in 2019 and 2020 (Talling
et al., 2022). A small number of previous studies have directly recorded how smaller canyon-filling
turbidity currents remould the seabed, such as in Monterey Canyon in California (Paull et al., 2018;
Wang et al., 2020; Wolfson-Schwer et al., 2023) or Canadian fjords (Clare et al., 2016; Hughes Clarke,
2016; Hage et al., 2018). However, the only previous time-lapse surveys available for major canyon
flushing turbidity currents were restricted to the uppermost part of Kaikoura Canyon offshore New
Zealand (Mountjoy et al., 2018), and this study lacked direct measurements of associated flows.
Here we analyse bathymetric surveys along the length of the Congo Submarine Canyon and Channel
system offshore West Africa, collected before and after major canyon flushing turbidity currents in
2019 and 2020. A detailed array of moored sensors along this canyon-channel system also directly
monitored these canyon-flushing flows, showing they travelled for > 1,100 km with frontal speeds of
5-8 m/s (figure 2; Talling et al., 2022). This unique combination of time-lapse bathymetric surveys
and direct monitoring of canyon-flushing flows is used to understand patterns and processes of

erosion.

It is important to understand how turbidity currents erode the seabed for a series of reasons. The
exchange of sediment between a turbidity current and the seabed (i.e. erosion and deposition) is

fundamental to understanding how turbidity currents behave and evolve. This is because erosion



effects the density of a turbidity current, which is the driving force behind the flow. For example, if a
turbidity current erodes more sediment, it can become denser and thus faster, which may then lead
to further erosion and acceleration. This positive feedback has been termed ignition (Parker, 1982).
Conversely, if sediment is deposited from a turbidity current it may become less dense, such that it
decelerates and dissipates. It has also been proposed that turbidity currents can exist in a third state
termed autosuspension, with no net exchange of sediment from the turbidity current to the seabed,
such that the flow’s density and speed remain nearly constant (Parker et al., 1986; Stevenson et al.,
2015; Heerema et al., 2020). These processes of sediment exchange with the bed can therefore
dominate overall turbidity current evolution, and they are arguably the most significant uncertainty

for numerical modelling of turbidity currents (see Traer et al., 2012).

Understanding how turbidity currents erode the seabed is also important for assessing and mitigat-
ing hazards to networks of seabed cables (Carter et al., 2009; Sequeiros et al., 2019; Clare et al.,
2021), which now carry over 95% of intercontinental data traffic (Carter et al., 2009; Clare et al.,
2021). A better understanding of hazards faced by submarine cables is essential due to their increas-
ing economic, societal, and strategic importance (Carter et al., 2009, 2014). Unlike cable breaks due
to ship anchors, a single turbidity current can damage multiple seabed cables spread over very large
areas. This makes it harder to repair cable faults due to turbidity currents, as repair ships have to
repair multiple cables. For example, it took 20-25 days to repair cable breaks offshore West Africa
due to turbidity currents that travelled down the Congo Canyon-channel in January and March 2020
(Talling et al., 2021). To assess and mitigate hazards to cables from turbidity currents, it is essential
to understand the patterns of erosion and deposition in submarine canyons. This will allow cable

companies to lay their cables in lower risk zones, potentially prolonging the lifespan of the cable.

Time-lapse surveys that document patterns and processes of erosion and deposition in modern
submarine canyon and channel systems also help to understand and interpret ancient deposits with-

in the rock record. For example, these time-lapse surveys can show how deposits are built up and



eroded, and thus stratigraphic completeness, at least over short (near-annual) time scales (e.g. Ven-
dettuoli et al., 2019). Studies such as the one presented here also help to understand the signifi-
cance and distribution of erosion surfaces within ancient rock sequences, including their role in by-

passing extremely large sediment volumes to down-slope areas (e.g. Stevenson et al., 2015).

1.1 Aims

The overarching aim is to understand processes of erosion and sediment exchange between turbidi-
ty currents and the seabed, using the Congo Canyon — Channel system as a case study. The first ob-
jective is to document the pattern of erosion caused by canyon-flushing turbidity currents, and thus
identify different erosional processes. Erosional processes are found to include knickpoint migra-
tion, outer-bend erosion, general erosion across the canyon or channel floor (‘general thalweg ero-
sion’), and sidewall collapse. The second objective is to determine the volume of erosion resulting
from each erosional process, and thus their relative importance. The third aim is to understand what
controls the distribution of erosional processes, and the likelihood they occur at a given location.
The final objective is to understand wider implications of this study for assessing and mitigating haz-
ards to seabed cables, interpreting ancient canyon and channel deposits in the rock record, and for

numerical modelling of turbidity currents.
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Figure 1. (A) Overview of the Congo Submarine Canyon and Channel, with Acoustic Doppler Current
Profiler (ADCP) mooring locations and WACS and SAT-3 cable routes. Full survey and seabed gradi-
ents from the ZaiAngo Project (Savoye et al., 2000). RC is the Republic of the Congo, ANG is Angola,
and DRC is the Democratic Republic of the Congo. B) Detailed map of the Congo Submarine Channel.
Black outline denotes the 2019 and 2020 survey extent. C) Detailed map of the Congo Submarine

Canyon. Black outline denotes the extent of 2019 and 2020 surveys.



2 Background to the Congo Submarine Canyon and Channel

The Congo Canyon and Channel extends for >1,000 km from the mouth of the Congo River offshore
West Africa (Figure 1). The term ‘canyon’ denotes areas of especially deep erosion that may contain
terraces, whilst ‘channel’ indicates a less deeply eroded feature, whose external levees are raised
above the surrounding seabed (e.g. Babonneau et al., 2002, 2010; and see figure 1a for where the

terms are used herein). The transition from a canyon to channel is often gradational.

The head of the Congo Canyon lies within the estuary of the Congo River (figure 1), which has the
second largest water discharge and fifth largest particulate organic carbon export of any river global-
ly (Coynel et al., 2005). The Congo Canyon is one of the few modern-day submarine canyons that is
directly connected to a river, although such direct connections would have been much more com-
mon during previous low-stands in sea-level (Covault and Graham, 2010). The Congo River supplies
~29-43 Mt/yr of fine grained sediment that forms a surface plume in the estuary, with early work
suggesting it may also carry up to 130 Mt/yr of additional sandy bedload to the canyon head (Peters,

1978), although these estimated sediment fluxes have high uncertainty.

The Congo Canyon is deeply incised into the continental shelf from the mouth of the Congo River,
and it transitions into the less incised Congo Channel (figure 1; Babonneau et al.et al., 2002, 2010).
The Congo Channel terminates at ~4,800 m water depth, beyond which there is an area of deposi-
tion termed a lobe (Dennielou et al., 2017). The location of the active channel has changed due to
repeated avulsions (Picot et al., 2016, 2019). These submarine channel systems and their associated
lobes, together with the Congo Canyon, form the well-studied Congo Submarine Fan (e.g.
Babonneau et al., 2002, 2010; Anka and Séranne, 2004; Ferry et al., 2004; Savoye et al., 2009;

Vangriesheim et al., 2009; Rabouille et al., 2017; Dennielou et al., 2017).



2.1. Direct monitoring of turbidity currents

This study is based on detailed swath multibeam bathymetry surveys collected in September 2019
and September-October 2020, which cover ~40% of the Congo Canyon-channel (figure 1). The 2019
and 2020 cruises surveyed the same reaches of the upper canyon (figure 1b) and distal submarine
channel (figure 1c), allowing time-lapse analysis of seabed change. The 2019 and 2020 cruises also
deployed and recovered a variety of turbidity current monitoring equipment, which are important
for this study because they document the nature of flows that caused seabed change between the
2019 and 2020 bathymetric surveys (figure 2). This included Acoustic Doppler Current Profilers

(ADCPs) located on moorings in the thalweg of the canyon and channel (Talling et al., 2021, 2022).

These ADCPs and cable breaks were previously used to document the frontal (transit) speeds, runout
distances and number of turbidity currents that occurred between the 2019 and 2020 bathymetric
survey (figure 2b; Talling et al., 2022). Between October 10" 2019 and 14" January 2020, 12 relative-
ly short runout flows occurred in the proximal part of the Congo Canyon, some 100-200 km from the
mouth of the Congo River (figure 2a). As these flows terminated within the upper canyon and failed
to reach the lobe, they are interpreted as smaller ‘canyon filling’ events. Three of the ADCP-

moorings were broken by these canyon filling flows (figure 2a).

The 14th - 16th January flow was the first ‘canyon flushing’ turbidity current in the study period, and
it had a runout distance of >1,100 km (figure 2; Talling et al., 2022). This powerful event caused the
remaining eight moorings to surface sequentially, and broke the WACS and SAT-3 telecommunica-
tion cables (figures 1 and 2a; Talling et al., 2022).0BS and cable breaks recorded a second ‘canyon
flushing’ turbidity current on March 82020, which also broke the SAT-3 cable (Talling et al., 2021,
2022). Overall, this has resulted in the Congo Canyon and Channel having both the most detailed

time lapse seabed surveys and flow monitoring data for any deep-sea canyon-channel system.
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Figure 2. Turbidity currents monitored between September 2019 and March 2020. (a) Plot shows the
date and runout distance (in kilometres from coast) of canyon filling flows (blue lines) and large can-
yon flushing flows that occurred on January 14-16" and March 9" 2020 (red lines). Data gathered
from ADCP moorings and cable breaks. Figure adapted from Talling et al. (2022). (b) Plot shows

changes in flow front speed with distance for turbidity currents in the Congo Canyon-channel that
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occurred from September 2019 to January 2020. Flow front speeds derived from arrival times at

moorings and cable breaks. Plot adapted from Talling et al. (2022).

2.2. Total volumes of sediment and organic carbon eroded in 2019-2020

Talling et al. (2022) previously showed that the monitored flows in 2019-2020 eroded a sediment
volume of ~2.65 km?, equivalent to 19-35% of the global sediment flux from all rivers to the ocean
(Syvitski et al., 2022). Presumably, most of this erosion occurred in the two powerful canyon-flushing
flows on January 14-16" 2019 and March 8™ 2020 (figure 2). In this contribution we seek to under-

stand how such a globally significant amount of sediment was eroded.

Ten sediment cores were also collected in 2019, and they provide insights into the types of deposit
that were eroded at these core sites between 2019 and 2020. The cores from the canyon were pre-
viously used by Baker et al. (2024) to estimate that the eroded material contained 43 + 15 Mt of
terrestrial organic carbon from the whole canyon-channel system, equivalent to 22 % of the annual
global particulate organic carbon export from rivers to oceans, and 54-108 % of the predicted annual
terrestrial organic carbon burial in the global oceans. This study also helps to understand how that

globally significant amount of organic carbon was re-excavated.

3 Material and methods

3.1.1 Bathymetry surveys in 2019 and 2020

Bathymetric survey data were collected using the Kongsberg EM122 deep water swath multibeam
echosounder located on the hull of the vessel. The highest resolution results were obtained by set-
ting the swath to the narrowest setting with a beam angle of 45° from the nadir, with a minimum
possible beam angle of 5°, and a survey speed of 6 knots. These surveys covered the floor of the
upper canyon within Angolan waters, and the distal submarine channel (Figure 1). Surveys in Sep-

tember-October 2019 and October 2020 covered the same sections of the canyon-channel system.
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These bathymetric data were processed using CARIS Hips and Sips onboard the RRS James Cook,
during the surveys. They were corrected for tides, waves, ship motion, and differences in sound ve-
locity of the water. Data for this calibration were obtained from Sound Velocity Profiler dips carried
out during the surveys. Bathymetric data in the upper Congo Canyon were gridded at 5 m resolution

(figure. 1c), whilst the deep-water Congo Channel was gridded at 15 m (figure. 1b).

3.1.2 Changes in seabed elevation (difference maps) from 2019 to 2020

Patterns of seafloor change between the 2019 and 2020 survey data were calculated in ArcGIS PRO.
This was done by subtracting the 2020 survey elevations from the 2019 survey elevations, for each
grid cell, to create a difference map showing seabed change (figure 3). A false colour is applied so
that areas in red show erosion, and areas in blue show deposition (figure 3C). To determine seafloor
erosion for certain features, polygons were drawn manually around erosional or depositional fea-
tures and assigned a category (Flank Collapse, General Thalweg, Outer Bend, Knickpoint; see section
4.3 for description of categories). When drawing the polygons, an area of zero elevation change be-
tween the outer perimeter of erosion/ deposition and the boundaries of the polygon was included
(figure 3D). This provides a ‘no change’ buffer around the erosional or depositional features where
possible. This was done to ensure there is as little human-induced error as possible when defining
the boundaries between erosional and depositional features. In some cases, features came into con-
tact with one another, such as a flank collapse that overlaps the channel floor. In this case, a qualita-
tive boundary between the two must be drawn manually to categorise types of erosion or deposi-

tion.
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Slope

Figure 3. Workflow of erosion categorisation and volume calculations. A) Map of seabed gradient for
an area of the Congo Canyon in 2019. B) Map of seabed gradient for the same area shown in A, but
in 2020. C) Difference map created by subtracting the seabed elevation surveyed in 2019, from
seabed elevation surveyed in 2020. Resulting areas of erosion are highlighted in shades of red, and
areas of deposition highlighted in shades of blue, with this example showing both flank collapse and
channel erosion. D) A polygon is then manually drawn around an individual area of change assigned
to a particular category, in this case a flank collapse. This polygon then forms the limits of individual

volume calculations for each particular category of erosion.
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Figure 4. Measured differences in seabed elevation for areas where no significant (< 0.5 m) seabed
change was expected, which thus provide an estimate of uncertainties in bathymetric survey data. (a-
d) Change in seabed elevation for areas outside the axis of the upper canyon from 2019-20. (e-h)
Change in seabed elevation for areas outside the deep-sea channel from 2019-20. See Supplementary

Figures 1 and 2 for locations of these areas, and Talling et al. (2022) for more details of analyses.

3.1.3 Volumes of seabed change and their uncertainties

Thicknesses of seabed erosion or deposition were multiplied by grid cell areas to quantify volumes of
seabed change. The methods of Mountjoy et al. (2018) were chosen for reporting volumes of seabed

change, whilst considering recommendations from Schimel et al. (2015). Changes in volume are re-
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ported as X [>Y], where X is the most likely value, based on changes in seabed elevation measured at
grid cells, whilst Y is a minimum estimate for the eroded volume. The most likely value (X) assumes
errors are close to being symmetrically distributed around zero, and thus tend to cancel each other
out. Figure 4 provide an analysis of changes in seabed elevation in areas where no change is ex-
pected, such as in overbank areas or terraces away from recent flows (also see Talling et al., 2022).
This analysis found measurement uncertainties are symmetrically distributed broadly around a near-

zero value (figure 4; and see Talling et al., 2022 and Supplementary Figures 1 and 2).

We also report a minimum estimate for volume of seabed change (Y), which is calculated using a
spatially variable limit of detection (also see supplementary material in Talling et al., 2022). If seabed
change in a grid cell does not exceed this limit of detection, then the grid cell is not used to calculate
the total volume of seabed change. This method is based on spatially variable uncertainties, which
vary for each grid cell and are calculated using the CUBE algorithm (Combined Uncertainty and Bath-
ymetric Estimator). The benefits of using CUBE are that this method accounts for a wide array of
variables, including: the survey system used, its auxiliary sensors, configuration and conditions of
operation, sounding depth, sound velocity, bottom detection algorithm, seabed slope, sounding
density and sounding distance from the DEM grid nodes (Calder and Mayer, 2003; Schimel et al.,
2015). The spatially variable uncertainty of the difference map is calculated as the propagation in
guadrature of the uncertainty of each DEM (to ensure all values are positive), with each cell having a
unique uncertainty value assigned (Schimel et al., 2015). CUBE derived uncertainty values are typi-
cally less than 5 m in the shallower-water area in the Congo Canyon, or 10-15 m in the deep-water
Congo Channel. The upper limits of these values are broadly comparable to uncertainty values ob-

tained in supplementary Figures 1 and 2 (and see discussion in Talling et al., 2022).

Each CUBE-derived uncertainty value is then multiplied by a constant ‘k’, which is the confidence
level. A conservative value of k = 1.96 was used by Mountjoy et al. (2018) to define their limit of
confidence (two standard deviations or 95% confidence limits). For the purpose of this study a value
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of k=1 is chosen, which results in the raw uncertainties values calculated by CUBE being used as the
final limit of detection, as this more closely reflects uncertainty values calculated with other meth-
ods highlighted in Talling et al. (2022). Higher values of k result in a higher threshold that seabed
change is real; however, they also result in more grid cells being discarded. A sufficiently high value
of k will result in 100% confidence that at least zero seabed change has occurred, which, whilst cor-
rect, is not a useful conclusion (Schimel et al., 2015). We consider the CUBE method with k =1 to be
robust approach to calculate the volume of seabed change. However, caution should be taken when
interpreting flank collapse eroded volume results. This is because on these steep canyon-flank areas,
a small change in seabed elevation (including due to positioning error for the vessel) can produce
large errors in seabed elevation and hence estimated eroded volumes. For this reason, flank collaps-
es have only been included in the analysis if they make geological sense (i.e. their outline shape re-
sembles a landslide). Any side wall erosion features that do not look realistic, or look like error in
data collection, are discarded from the calculation. This is not the case with the various types of
channel floor erosion, as we are more confident that data from the channel floor is representative of
true seafloor change. Therefore, other than flank collapses, all other volume calculations have been
selected quantitatively to ensure repeatability within this dataset, and for comparison with other

datasets.

To enact this CUBE based method for minimum eroded volumes, polygons are run through a model
in ArcGIS Pro that (i) creates a mask of the underlying difference map and the combined CUBE un-
certainty map for each polygon, and (ii) exports each difference map and combined CUBE uncertain-
ty map as a .txt file. This creates a spatially variable uncertainty map. This map can be used to create
a spatially variable limit of detection, so that we can discard volumes of change that are below a grid
cell’s individual uncertainty. The difference map and combined CUBE uncertainty map .txt files are
then imported into MatLab, where they are concatenated into a single table, with each grid cell hav-

ing its own row showing vertical elevation change in metres and combined uncertainty threshold in
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metres. If the change exceeds the combined uncertainty, then the change value is kept. If the grid

cell change is less than the combined uncertainty, the grid cell is discarded.

To obtain volumes, the remaining difference values are then multiplied by the grid cell resolution.
For example, if there is a 5 m horizontal resolution for bathymetry grid cells, then the vertical change

is multiplied by 25 m (5 x 5 m), which provides the volume change for each cell in m®.

3.2 Conversion of sediment volume to sediment mass

Volumes of eroded sediment (km?) along the Congo Canyon-channel were converted into sediment
dry mass (Mt) to allow for easier comparison with other global sediment fluxes. An average porosity
of 60-80% was assumed for the eroded sediment volume, and this porosity range was based on
measurements from the upper 50 m of sediment at sites worldwide (Hay, 1998). An average density
of sediment grains of 2.5 g/cm? is assumed, which is slightly less than the density (2.6 g/cm?)of
quartz grains, to account for less dense grains (e.g. ~2-3% of organic matter). It is assumed that pore
space is filled with seawater with a density of 1.035 g/cm”. This implies a wet sediment density of
1.33 - 1.62 g/cm?, and a dry sediment density of 0.5-1.0 g/cm®. This is consistent with wet sediment
density seen (1.1 to 1.6 g/cm®) in cores through the upper few meters of sediment in the Congo
lobe, whilst noting that sediment density will increase below those upper few meters below the
seabed (Hay, 1998), and seafloor erosion often reached depths of 20-30 m (Figures. 5 and 6), and up

to 50 m in the upper Congo Canyon.

3.3. Sediment cores

During the September-October 2019 cruise, seven piston cores were collected along the thalweg of

the upper canyon, and three piston cores were collected along the thalweg of the deep-water chan-
nel. These piston cores had variable lengths of up to 9m. Five sedimentary facies were identified and
described via detailed sedimentary logs. The facies types observed in each core were then compared

to the erosion depths at the core sites.
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4 Results

4.1 Total volume of seabed erosion

A best estimate of 2.68 km® (and a minimum estimate of 1.00 km?) of seabed sediment was eroded
across the entire length of the Congo Canyon Submarine System between 2019 and 2020, as report-
ed in Talling et al. (2022). However, the time-lapse surveys demonstrate that this erosion is not

evenly distributed, and is often extremely localised.

4.2 Patterns of seabed erosion

A series of figures are used to illustrate patterns of seabed erosion, and much more minor deposi-
tion, for the survey area in the upper canyon (figure 5), and the survey area in the deep-sea channel
(figures 6 and 7). These figures include plan-form maps showing distributions of erosion (in red) and
deposition (in blue). A threshold of +/- 5 m for significant seabed change is used in the upper canyon
(figure 4a), and a threshold of +/- 15 for the deep-sea channel that reflects the more conservative
CUBE-based method for uncertainty estimation (Figure 4b), below which colours are absent. These
thresholds correspond to those where elevation changes likely exceed uncertainty estimates (figure
4). Figures 5-7 also include plots illustrating depths of erosion (in red) or deposition (in blue), as
measured along the canyon or channel axis transect. Changes in seabed gradient are also indicated
along such transects. Finally, changes in the canyon’s or channel’s long profile from 2019 to 2020 are
also shown, as measured along the canyon-channel axis, together with the position of ADCP moor-

ings or cable breaks that document flow speed.

4.2.1. Patterns of erosion in the upper canyon

Erosion to depths of 10-20 m commonly occurs in the upper canyon between the 2019 and 2020
surveys, with erosion of up to 30-50 m in a few places (figure 5). But this erosion is localised, and
unevenly distributed along the canyon, with intervening reaches of much more limited (< 5m) ero-
sion. This patchy erosion is despite a relatively uniform flow front speed of ~5 m/s observed be-

tween mooring sites for the powerful January 14-16" turbidity current (Talling et al., 2022).
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A ~0.09 km? landslide from the canyon flank occurred between 2005 and 2019 (at ~164 km in figure
5), which produces a substantial inflexion in the canyon’s long-profile with a vertical height differ-
ence of ~150 m, called a ‘knickpoint’ (see section 4.3.1). As described by Pope et al. (2022b), this
landslide-dam also caused a wedge of sediment to accumulate for over 26 km upstream. This wedge
of recent (post-2005 and pre-2019) sediment accumulation is up to 150 m thick, extends beyond the
survey area, and has a volume of ~0.4 km? (Pope et al., 2022b). Figure 5 demonstrates that reaches
within ~4 km of the landslide dam are associated with deep erosion of > 20 m. Erosional features

produced by sidewall collapses also occur (see section 4.3), only upstream of the landslide dam.

Zones of consistently deeper erosion occur along the upper canyon in the 2019-2020 difference

map, including at the further upstream reach of the survey (140-155 km in Figure 5a). Other zones of
deeper (> 15-20m) erosion also occur, such as at the downstream reach of the survey area from 240-
255 km (figure 5). However, intervening areas of much reduced erosion also occur along the canyon-
axis, where depths of erosion are consistently below 5 m. Reaches of minimal erosion range from ~1

km to ~15 km in length (figure 5).

Zones of deposition that exceed the threshold of ~5m for detection are much rarer. Deposits in the
2019-2020 difference map only have thicknesses of up to 5-10 m, and they occur over much shorter
reaches (figure 5). These very limited depositional areas are mainly located on terraces in the upper

canyon (figure 5).

Figure 5 (below). A) Difference map showing seabed changes within the surveyed area (Figure 1) of
the Congo Canyon. Note the increase in erosion above the annotated landslide dam described in
Pope et al. (2022b). Sediment cores sites in 2019 (Figures 9 and 10) are shown by yellow circles. B)

Vertical change in seabed elevation along the thalweg of the canyon between September 2019 and
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September 2020, plotted with the 2019 thalweg seabed gradient. C) Long profile of the canyon thal-
weg in 2019 and 2020 . Mooring locations used to monitor turbidity currents are indicated with verti-

cal red dashed lines.
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4.1.2. Patterns of erosion in deep-sea submarine channel

The deep-sea channel has a more sinuous and deeper-incised upper part, and a straighter and less
deeply incised lower part beyond a major avulsion at ~280 km in figure 7 (Picot et al., 2016, 2019;
Talling et al., 2022). Erosion along the channel is also highly localised and patchy, with erosion
depths commonly of 15-25 m, and occasionally up to 40 m (figures 6 and 7). In general, deeper ero-
sion tends to occur more commonly and consistently in the channel’s upper parts, including a zone
from 45-65 km along the channel from the upstream start of the survey area in figure 6C. Erosion at
channel bends is also better developed in this more sinuous upper channel reach from ~120-190 km
along the surveyed channel (figure 6C). However, a zone of deep erosion also occurs from 210-230
km along the surveyed channel in deeper-water (figure 7a). This erosion is likely associated with up-
slope migration of ~17 km by the head of a major knickpoint, although more detailed time-lapse
surveys would be needed to be sure that old knickpoints have not been lost, and new ones created.
But other zones of steeper channel gradients (i.e. knickpoints) in the distal part of the channel (> 240

km from the start of surveyed channel) are not linked to major erosion (figure 7c-f).

22



D 2019/20 Survey

Perimeter

A

0 50

150

- e e Kilometers

W L] : B REREEN
7°40'E

(%
o

Changes in Seabed
EIevatCLon (m)

—
§ sediment core

60
- e aaaaassssmmw Kilometers

o s by e b by b | T e e v

&
S

B Deposition | Mo

- Erosion |

— Gradient |

180 160 140 120 100 80 60

Seabed Gradient (°)

-4100 T T T T T

E -4200 [ ,,,,,,,,,

£

Q -4300

v

Q et e + 2019 Thalweg
-4400~ —— 2020 Thalweg |

et

-4500 - | ! |

| | | |
180 160 140 120 100 80 60 40 20 0
Distance Along Channel (km)

Figure 6. A) Map of the Congo Submarine Channel showing the location of figures 6B, 7A and 7D. B)
Difference map showing changes in seabed elevation for the eastern (proximal) section of the deep-
water channel, and core sites (yellow dots) (figures 11 and 12). C) Change in seabed elevation in a
transect along the thalweg of the channel between September 2019 and September 2020, plotted
with seabed gradient of thalweg. Mooring locations used to monitor turbidity currents are Indicated

with vertical red dashed lines D) Long profile of the eastern channel thalweg in 2019 and 2020.
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dashed lines. C) Long profile of the middle channel thalweg in 2019 and 2020. D) Difference map
showing seabed changes in the western section of the deep-water channel (location shown in figure
6A).. E) Change in seabed elevation in a transect along the thalweg of the channel between Septem-
ber 2019 and September 2020, plotted with gradient of thalweg. Mooring locations used to monitor
turbidity currents are indicated with vertical red dashed lines F) Long profile of the western channel

thalweg in 2019 and 2020.

4.3 Categories for types of seabed erosion

Erosion between 2019 and 2020 in the Congo Canyon and Channel has been divided into four cate-
gories (figures 8, 9), which are now discussed in turn, with their key features summarised in figure
10. The total volumes of erosion have also been calculated for each of these categories, within the

surveyed areas (table 1).

4.3.1 Knickpoints

Knickpoints (figures 5-10a) are defined as anomalously steep steps in channel gradient, oriented
across the channel, which migrate upstream via seafloor erosion (Gardner, 1984; Howard et al.,
1994; Heinié and Davies, 2007; Heijnen et al., 2020). In the Congo Canyon and Channel, we define
any steep step in channel gradient (>7°) as a knickpoint, irrespective of whether the knickpoint mi-
grated between 2019 and 2020. For comparison, the average gradient of the channel axis is between

0.1° and 0.5°.

If a knickpoint migrated between the 2019 and 2020 surveys, it created a zone of channel floor ero-
sion between the older and newer knickpoint location, which has a relatively uniform depth of ero-
sion in an across-channel or across-canyon direction (X-Y in figure 10a). Seven knickpoints were iden-
tified along the Congo Canyon-channel system (figure 8b, figure 9a). Of these seven knickpoints, 6
migrated between the 2019 and 2020 surveys, resulting in the removal of 0.24 km? [0.16 km®] of
canyon floor. However, the most distal knickpoint within the deepest-water part of the Congo Chan-

nel (i.e. from 240-300 km along surveyed channel in figure 7c) did not migrate.
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4.3.2 OQuter Bend Erosion

Outer bend erosion (figures 5-9) is defined as being focussed primarily on the outer bend of the can-
yon — channel floor. Discernible (< 5m in upper canyon and < 15 m in deep-sea channel) erosion does
not extend across the entire canyon-channel floor (figures 8c, 10c). This type of erosion accounts of
0.11 km? [0.02 km?] of erosion throughout Congo Canyon-Channel, and it occurs within both the
upper canyon (figures 5 and 8) and deep-sea channel (figures 6, 7 and 9). It is particularly well devel-
oped in the more sinuous part of the deep-sea channel (e.g. 120-180 km along surveyed channel in

figure 6).

The relative position of erosion on the outer bend is variable, when compared to the bend’s apex. In
the upper canyon (figures 5 and 8), this type of erosion occurs on the apex of bends, for sites down-

stream of the landslide dam. But it also occurs upstream of the bend-apex for sites located upstream
of the landslide dam (figure 5A, C). In the deep-water channel, outer-bend erosion predominantly

occurs just up-stream of the apex of a bend (figure 9B,E).

Outer bend erosion is visible in 15% of bends, although this may be limited by the resolution of the
bathymetry surveys. Some parts of the canyon-channel system have an entrenched thalweg (e.g.
figure 7C). In this case, the outer bend erosion occurs on the outer bend of this entrenched thalweg,

and not on the outer bend of the full width of the entire channel floor.

4.3.3 General Thalweg Erosion

General thalweg erosion is defined erosion occurring across the whole floor of the canyon or chan-
nel (figure 8b, figure 9c, figure 10b). It lacks a steep (> 7°) section of seabed at its up-canyon limit,
and associated sharp decrease in seabed erosion, and thus differs from a knickpoint (figure 10a).
Unlike outer bend erosion, measurable (>5 m or > 15 m) erosion occurs across the whole canyon or
channel floor, and is not restricted to just the outer bend (figure 10b,c). However, general thalweg
erosion can display somewhat deeper erosion towards the outer bend (figure 10b), and we cannot

confidently measure small amounts of erosion, which are < 5 m in the upper canyon and < 15m in
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the deep sea channel. It is also possible that in some examples of outer bend erosion, erosion actual-
ly also occurred across the rest of the thalweg but was too shallow to measure. Thus, there may be a
gradation between general thalweg erosion and outer bend erosion, at least in some cases, with
general thalweg erosion being favoured by deeper erosion across a channel and greater resolution
for the bathymetric data. It is also possible that our surveys lack enough vertical or lateral resolution

to discern sufficiently small-scale and localised knickpoints.

General thalweg erosion accounts for 0.66 km?® [>0.17 km?] of the erosion in the Congo Canyon-
channel, with such erosion being up to 47m deep. Within the upper-canyon survey area (figure 1c),
82% of the upper canyon floor is eroded by at least 5 m. In the deep-sea channel survey area (figure
1b), 67% of the total channel floor is subject to erosion exceeding 15 m. In terms of total volume and
extent, general thalweg erosion is substantially greater than erosion within the other categories

(table 1).

4.3.4 Sidewall Flank Collapse

Sidewall flank collapses (figures 8C,E,F and 9D,E) are defined as canyon-wall or channel-wall failures,
and they differ from outer bend erosion (figure 10c), as sidewall flank collapses do not erode the
channel floor. There are two general types of sidewall failure (figure 10D). The first type of sidewall
failure evacuated a cauliflower-shaped scarp that has multiple embayments, and material excavated
from these embayments must past through a relatively narrow neck at the base of the landslide scar
to reach the main channel-canyon axis (figures 8c, 10d). There are no deposits on the canyon-
channel floor associated with these type 1 flank collapse (figure 8c, 10d). This geometry suggests
that failure occurred retrogressively from the bottom up, and that failed material was highly mobile
and easily eroded and entrained on the canyon-channel floor. Material comprising the landslide has
presumably been reworked and carried further down-system, or transformed to a more mobile type

of mass flow.

A second type of sidewall flank failure has previously been described in the upper Congo Canyon
(Figure 10d; Pope et al., 2022b). These are coherent slumps that have a single arcuate headscarp,
and move as coherent blocks (Figures 8e,f, and 9d,e). The majority of these flank collapses are small
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features that result in a local widening of the canyon or channel. In some extreme cases, the failed
material can dam the main canyon-channel axis (Fig. 10d; Pope et al., 2022b). These landslide-dams
are much less easily eroded than material from type 1 cauliflower-shaped flank failures. However, in
the type 2 sidewall flank failure described by Pope et al. (2022b), a relatively deep knickpoint pro-
gressively incises the landslide dam, and then migrates upslope through a wedge of sediment previ-

ously deposited due to the landslide dam (Figure 8a; Figure 10d; Pope et al., 2022b).

Sidewall flank collapses of both types accounted for 0.06 km?® [>0.05 km?] of eroded material, which
equates to ~6% of the total erosion in between the 2019 and 2020 surveys (table 1). There are 51
flank collapses within the upper canyon survey area, with the largest examples having a (type 1)
cauliform shape (e.g. figures 5,8c). There are 24 discernible sidewall flank collapses within the deep-
water channel that tend to have a single arcuate headscarp (type 2), although they did not create

landslide-dams (Figures 7, 9).
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dam reported in Pope et al. (2022b). Erosion occurs due to a knickpoint upstream of the landslide
dam, with some deposition downstream of the landslide dam. Outer bend erosion is visible, resulting
in bend amplification. B) Significant general thalweg erosion around a bend, with some deposition
visible on the outside of the bend. C) Outer-bend erosion, general thalweg erosion and sidewall flank
collapses. Note the lack of deposits associated with any sidewall flank collapses. D) Erosion due to
knickpoint migration up canyon which also results in a straightening and widening of the canyon
floor. E) Small sidewall flank collapse and general thalweg erosion. F) Sidewall flank collapse just

before the apex of inner bends of the canyon, resulting in a ‘straightening’ of the channel floor.

Table 1. Calculated volume of seabed change (km’) and eroded sediment mass (Mt) between 2019
and 2020 in the Congo Submarine Canyon — Channel, divided into erosion categories, and into the

two survey areas. Note: some total values may not be the sum of their parts due to rounding errors.

Erosion Type and Location Volume of seafloor Mass of Normalised mass
erosion (km®) sediment (Mt/ km)
(Mt)

Change due to Knickpoint Migration

Congo Canyon -0.09 -221.5 -2.0
Congo Channel -0.15 -384.6 -1.1
Total of Both Surveyed Areas -0.24 -606.0 -1.3

Change due to Outer Bend Erosion

Congo Canyon -0.01 -17.5 -0.2
Congo Channel -0.10 -260.2 -0.7
Total of Both Surveyed Areas -0.11 -277.7 -0.6

Change due to General Thalweg Erosion
Congo Canyon -0.15 -375.0 -3.3

Congo Channel -0.51 -1,274.1 -3.5
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Total of Both Surveyed Areas -0.66 -1,649.1 -3.4

Combined Change due to Knickpoints, Outer Bend Erosion and General Thalweg Erosion

Congo Canyon -0.25 -613.9 -5.5
Congo Channel -0.77 -1,918.9 -5.2
Total of Both Surveyed Areas -1.01 -2,532.8 -5.3

Change due to Flank Collapses

Congo Canyon -0.05 -132.4 -1.2
Congo Channel -0.01 -29.9 -0.1
Total of Both Surveyed Areas -0.06 -162.3 -0.3

Total Change

Total Erosion in survey areas 1.41 3,528.9 7.4
Total Deposition in survey areas 0.33 823.7 1.7
Net change in survey areas -1.08 -2,705.2 -5.6

4.4 Volumes of seabed erosion and deposition

Volumes of seabed erosion (km?) and their equivalent mass (Mt) are provided for surveyed areas in
Table 1, along with normalised mass (Mt) per km of canyon-channel floor to allow for easier compar-
ison between erosional processes. This normalised mass is calculated by dividing the total mass
eroded within the survey area by the total sinuous length of the thalweg within the survey. Table 1 is
divided into the following types of erosion (i) knickpoints, (ii) outer bend erosion, (iii) general thal-
weg erosion and finally (iv) sidewall flank collapse, as described above. The volumes of sediment
eroded are shown for the upper-canyon and deep-sea channel survey areas (Figure 1), as well as for

each category of erosion.
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Table 1 only includes volumes of erosion in the surveyed areas from 2019-2020, which account for
40% of the total length of the Congo Canyon-Channel. Volumes of erosion for the entire length of
the system are then estimated. This is done by assuming the remaining 60% of the canyon-channel
follows a similar pattern of erosion, with the same fraction of different categories of erosion. This
assumption may be somewhat biased, as the deep-water channel forms a relative high fraction of
the 40% of the system that was surveyed, with only a shorter reached surveyed in the upper canyon
(figure 1). However, this assumption is necessitated by a lack of surveys in intervening parts of the

system.

General thalweg erosion accounts for 62% of the total erosion from 2019-2020, knickpoints account
for 22% of erosion, outer bends for 10% of erosion, and sidewall flank collapse for 6% of erosion.
General thalweg erosion, knickpoint erosion and outer bend erosion all occur on the canyon’s or
channel’s floor, and when combined they contribute 94% of all erosion in the canyon-channel from

2019 to 2020.

4.5. Sediment cores

Sediment cores from the thalweg of the upper canyon (figures 5 and 12) comprise five facies types
(figure 11; and see Baker et al., 2024). The most common facies type (47% of the cores) in the cores
is homogeneous or bioturbated clay (figure 11). Homogeneous or bioturbated silt facies makes up
22% of the cores and contains occasional laminations or normal grading to clay. The muddy sand
facies (18% of the cores) comprises mud with fine- to medium-grained sand, that may be ungraded
or normally graded and contain mud, sand or vegetation-rich muddy-sand clasts. Massive, clean,
fine- to medium-grained sand comprise only 9% of the cores, contains rare mud or muddy-sand
clasts, and is often ungraded or occasionally normally graded (figure 11). Finally, vegetation-rich
muddy sand facies comprises 4% of the cores and contains concentrated, well-preserved mm- to cm-
sized black wood and plant debris within a fine-grained sand-mud matrix with no grading (figure 11).
Six of the seven cores are dominated by facies with a high cohesive mud component, albeit with
muddy sands and interbedded thin clean-sands (Figure 11), and these cores are 2.5 to 9 m in length.
One shorter (1.3 m long) core contained remobilised clean sand that appeared to have been sucked-
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in during coring, and thus may not represent the near-surface seabed properties at this location
(figure 11). Additional sediment cores collected in 2019 from terraces at heights of 50 to 300 m
above the thalweg contained thin-bedded (< 5 cm) turbidites, with alternations of thinly bedded silt

and clay facies.

The sediment composition of the thalweg of the Congo deep-water channel is poorly constrained by
two sediment cores collected in 2019 (Figure 12; core locations in figures 6 and 7) and four cores
described in the published literature (cores KZAI-06, KZAI-15, KZR-19 and KZR-21; Babonneau et al.,
2010; Baudin et al., 2010; Migeon et al., 2004). These channel-floor cores ranged from 2-7 m in
length and primarily contained massive, often ungraded, clean sands with occasional clasts of plant
debris or mud (figure 12; Baudin et al., 2010 their figure 3; Babonneau et al., 2010 their figure 7).
Two of the cores contained silt and clay facies in the top 0.2 m (KZAI-06; Baudin et al., 2010) and the

top 1 m (Core 8, this study). These cores thus suggest the main channel is dominated by sand.
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Figure 11. Sedimentary logs of cores in the upper canyon collected in 2019 (adapted from Baker et

al., 2024). See figure 5 for core locations, and figure 12 for patterns of erosion in 2019-2020 in areas

adjacent to these core sites.
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Figure 12: Sedimentary logs of cores in the deep-sea channel collected in 2019, whose location is
shown by figures 6 and 7. These sand-dominated cores are similar to four other cores from the floor

of the deep-sea channel described by Babonneau et al. (2002, 2010).
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Figure 13. Maps showing location of piston cores collected in 2019 in the upper canyon, and depths
of erosion and deposition within the surrounding areas from 2019-2020. Detailed sedimentary logs of
these cores are shown in figure 11, and Figure 5 provides an overview map of their broader positions
along the upper canyon. (A) Core 1. (B) Core 2. (C) Core 3. (D) Cores 4 and 5. (E) Core 6. (F) Core 7.

Each map comprises seabed gradients (grey shade) and erosion-deposition depths (red-blue colours).

5 Discussion

This paper presents time-lapse surveys of a major submarine canyon-channel, which capture how
powerful (up to 5-8 m/s) and extremely long (> 1,100 km) runout turbidity currents modify the sea-

bed. Understanding interactions between turbidity currents and the seabed is important for several
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reasons. First, it helps to understand how powerful and long runout turbidity currents sustain them-
selves for >1,100 km, eroding the seafloor to maintain or increase their density. Second, it helps to
understand where optimum locations may be for submarine telecommunication cables, or other
seabed infrastructure, to survive the effects of powerful turbidity currents. Third, it helps to under-
stand residence times of sediment and organic carbon within a submarine canyon-channel, which is
important for global sediment and carbon budgets. Finally, insight into processes and volumes of

erosion can help to improve future numerical models of canyon flushing turbidity currents.

5.1 Patterns and Processes of Seabed Erosion

Our first objective was to understand how canyon flushing turbidity currents interact with the sea-

bed, and the resulting patterns and processes of seabed change.

5.1.1. Erosion dominates over deposition

Erosion is the dominant process, volumetrically accounting for ~80% of observed seabed change
(table 1). The axis of this submarine canyon-channel was dominated by erosion and bypass of sedi-
ment rather than deposition, even in the current global high stand in sea-level. This observation
from the modern Congo Canyon emphasises the importance of bypass surfaces (Stevenson et al.,
2015) within ancient canyon-channel deposits, and that bypass surfaces can represent composite

erosion events, and be highly time transgressive.

Depths of erosion of 15-20 m are relatively common in both the canyon and channel, with maximum
erosion depths of up to 50 m (figures 5-7). This dominance of erosion may reflect the sustained ve-
locities (> 5-8 m/s) and power of the two canyon flushing turbidity currents, which occurred on Jan-
uary 14-16™ 2020 and March 8™ 2020 (figure 2; Talling et al., 2022). However, due to the relatively
short lengths (< 10 m) of available sediment cores (figures 11 and 12), and poor quality and penetra-
tion of sub-bottom profiler data along the canyon-channel axis, it is not clear whether this depth of
erosion is sufficient to incise underlying bedrock or whether it only removes previous canyon-

channel fill deposits.
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Sediment deposition accounts for only ~20% of mapped seabed change (table 1) across smaller are-
as of the canyon-channel system, with deposit thicknesses only occasionally reaching 5-8 m (figures
5-9). However, it should also be noted that these time lapse surveys are only able to unambiguously
resolve deposits that are thicker than ~5 m in the upper canyon, and ~15 m in the deep-sea channel.
Thus, more extensive but thinner areas of deposition may occur, including on external levees or in-
ternal terraces which our surveys would not resolve. A tendency for deposits to be thinner than the
eroded depths could also contribute to an imbalance between observed volumes of erosion and

deposition (table 1).

5.1.2. Erosion is highly localised and patchy

A striking observation is that deep (> 15-20 m) seabed erosion is highly localised and patchy, with
deeply eroded reaches alternating with reaches of much more limited erosion (figures 5-7). This
strong localisation of erosion occurs despite monitored flow front speeds that maintain relatively
constant speeds of 5-8 m/s, at least on long length scales between moorings or cables (figure 2b).
Although we lack more finely resolved information on flow speed between mooring sites or cable-
breaks (Talling et al., 2022), it seems unlikely that strong fluctuations in the depths of erosion are
due to relatively rapid fluctuations in overall flow speed, often over downstream distances of just a
few kilometers in the canyon (figures 5 to 7). Indeed, the fastest flow front speeds in the most pow-
erful January 14-16" turbidity current occurred close to the end of the deep-sea channel (Figure 2a;
Talling et al., 2022), along a reach where there was relatively little erosion (Figure 7D-F). Thus, it is
unlikely that fluctuations in overall (i.e. over > 10-100 km) flow speed drive this patchy erosion,

which must presumably be due to other processes.

5.1.3. Cored substrate types and patterns of seabed erosion

It could be proposed that localised changes in seabed sediment properties may cause the observed
patchy seabed erosion. A limited number of widely spaced sediment cores from the thalweg of the
upper canyon were collected in 2019 (figure 11). More numerous and closely spaced cores would be
needed to document local variations in seabed sediment facies, or indeed how facies vary across

localised features such as knickpoints. Moreover, these cores penetrated to depths of less than 9 m,
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and thus only capture the upper parts of the stratigraphy eroded between 2019 and 2020 (figure
11). However, given these caveats, there is no clear correlation between the facies in these sediment

cores and depths of nearby erosion along the thalweg (figure 13).

The dominance of muddy facies in the upper canyon cores, at least in the upper parts of the stratig-
raphy (figure 11), suggests that erosion processes must be able to excavate cohesive material, and
erosion is thus not restricted to grain-by-grain detachment or liquefaction of coarser and less cohe-

sive sands.

In contrast, the small number of cores from the axis of the deep-sea channel collected in 2019 (fig-
ure 12), and by the previous study of Babonneau et al. (2010), are dominated by clean sand facies.
Again, there are few cores available, and these cores are insufficient to test robustly whether chang-
es in seabed sediment types are linked to localised erosion (figure 12). However, sediment eroded in
2019-2020 in the deep-sea channel likely has a higher sand component. This higher sand content
could potentially allow additional erosional processes to occur, such as erosion via wholesale lique-

faction of loosely packed clean-sand or breaching of more tightly packed clean-sand.

5.1.4. Localised erosion due to pre-existing topography

It appears that variations in seabed sediment properties may not explain completely the observed
localised and patchy nature of seabed erosion during the canyon flushing flows in 2019-2020, alt-
hough more closely spaced cores would be needed to test this hypothesis fully. Thus, another expla-
nation of the patchy erosion may be needed. It is thus proposed here that pre-existing topographic
features, such as knickpoints, may also play a key role in producing localised erosion. Once these
topographic features develop, they then play a key role in causing further localised erosion (see sec-

tion 5.2.1 below).

5.2. Processes of seabed erosion and their volumetric importance

Processes of erosion listed in Table 1 are now discussed in more detail to better understand how

they operate, and what controls their spatial distribution along the canyon-channel system.
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5.2.1. Knickpoint erosion

Knickpoints play a significant role in seabed erosion, and account for 22 % of total erosion observed
between the 2019 and 2020 surveys (figure 10a; Table 1). They may play an important role in gener-
ating patchy and localised seabed erosion along the floor of the canyon-channel, as seen elsewhere
(Heijnen et al., 2020). By far the largest (~150 m high) knickpoint in the Congo Canyon was generat-
ed between 2005-2019 by a side-wall collapse (figure 5; Pope et al., 2022b), but various other small-
er (< 20 m high) knickpoints occur along the system (figures 5-7). A total of seven knickpoints were
mapped, but only six of these knickpoints migrated measurably during the 2019-2020 study period
at the resolution of our bathymetric surveys. One of these knickpoints (at 190-210 km in Figure 7A-
C) migrated 21 km upstream in a single year, which is by far the fastest submarine knickpoint migra-
tion rate yet recorded. Monitoring at other sites suggests knickpoints are common in submarine
canyons or channels, but migration rates were on average 50-200 m/year, and up to 450 m/year
(Heijnen et al., 2020, 2022). The far higher rate of migration for this knickpoint in the Congo Channel

may reflect the more prolonged duration and high speeds of the turbidity currents it experienced.

However, it is also striking that one large knickpoint zone (240-290 km in figure 7) did not move sig-
nificantly from 2019-2020, whilst being located ~130 km downflow of the knickpoint that migrated
21 km. This is despite the deepest water part of the channel experiencing the highest (8 m/s) turbidi-
ty current front speeds (figure 2b; Talling et al., 2022). This example suggests that additional factors,
beyond powerful (i.e. 8 m/s) flow speed, affect knickpoint migration rates. In general, the distal part
of the channel displays limited erosion (figure 7D-F), and this might be linked to the distal channel’s
shallower depth and lower sidewall heights, and likely greater overspill and dissipation of turbidity
currents (Talling et al., 2022). But it may also suggest that localised seabed substrate properties
could also strongly affect knickpoint migration, although available cores in the deep-sea channel are
too widely spaced to test this hypothesis (figure 12). This observation that not all knickpoints mi-
grate may be important if cable routes are chosen to avoid knickpoints, under an incorrect assump-

tion that all knickpoints migrate during canyon-flushing flows.
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These time lapse surveys also appear to capture the initiation of a new knickpoint in the channel (at
45-70 km in Figure 6) between 2019 and 2020. However, erosion patterns and migration of individu-
al knickpoints can be complex. Further research is needed to better understand what controls the

origin, migration pattern and rate, and eventual termination or flattening of submarine knickpoints.

5.2.2. General thalweg erosion

Although knickpoints cause significant (22%) erosion, a much greater percentage (62%) of the total
erosion is focussed along the channel or canyon floor, at sites where knickpoints (with distinct
headwalls at their upstream end) are not observed at the resolution of these surveys (figure 10B).
This category of general thalweg erosion is responsible for the largest volumes of erosion, and it
lacks obvious steepening that characterises knickpoints (figure 10A). It therefore appears localised
and patchy seabed erosion may often occur without an obvious steeping or knickpoint. This in turn
suggests local factors other than increased gradients can lead to patchy erosion, perhaps including
variable substrate properties. More closely spaced and detailed cores would again be needed to test

such links to substrate properties.

5.2.3. Outer Bend Erosion

Outer bend erosion occurs throughout both the Congo Canyon and Channel (figure 10C), and it ac-
counts for 10% of total erosion (Table 1). Outer bend erosion can occur before, at, and after the
apex of a bend (figures 8 and 9). This is a surprising finding, as it is expected to find erosion at the
apex of the bend in accordance with the results of Palm et al. (2021). Finding outer bend erosion at
such variable positions around a bend suggests that there are knowledge gaps in understanding of

these flow process and bend dynamics.

5.2.4. Sidewall flank collapse erosion

Cauliflower-like (type 1; figure 10d) sidewall failures occurred between 2019 and 2020 in both the
Congo Canyon and Channel, but they occurred more frequently within the more proximal canyon
(figure 4). Previously, a large coherent slump (type 2) occurred in the upper canyon (Figures 5 and

10d; Pope et al., 2022b). This greater frequency of flank collapses is most likely due to canyon walls
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that are larger in this upper reach, where they are ~400 - 450 m above the thalweg in the surveyed
areas of the canyon, compared to 0 — 150 m above thalweg in the surveyed areas of the channel. It is
also likely due to a higher frequency of turbidity currents (figure 2; Azpiroz-Zabala et al., 2017,
Simmons et al., 2020; Talling et al., 2022) in the upper canyon and the undercutting of the sidewalls
that results. Smaller sidewall failures with single arcuate headscarps, which did not form landslide
dams, also occurred in 2019-2020 on the flanks of the upper canyon (figure 8E,F) and deep-water

channel (figure 9D,E).

The location of unusually large and frequent type 1 flank collapses in the reach upstream of the pre-
viously identified landslide dam (figures 5, and 8C) suggests a causal relationship. It could be possible
that these type 1 failures initiated within the 100 m thick wedge of rapidly deposited (and thus poor-
ly consolidated) sediment that accumulated upstream of the dam and thus retrogressively failed up
the canyon walls (Pope et al., 2022b). This rapidly deposited sediment may also have excess pore
pressures which could destabilise the sediment through dewatering, thus making it more prone to
erosion. Furthermore, some type 2 flank collapses occurred on the inner bends (Figures 8F, 9E)
where small sections of canyon-channel wall were protruding. These collapses result in a ‘straighten-

ing’ of the channel due to flushing turbidity currents.

5.2.5. Dominance of erosion along canyon or channel floors

Three of these processes (knickpoint migration, outer-bend erosion, and general thalweg erosion)
effect the channel or canyon floor, and when combined these categories account for 94% of the
total eroded volume (figure 10; table 1). A general predominance of erosion across the floor of the
canyon or channel may be expected for several reasons. Most importantly, the canyon or channel
floor experiences the highest bed shear stresses, sometimes for prolonged periods, which in turn
favour increased erosion. It is also possible that channel-floor sediment is less consolidated than
sediment on adjacent canyon or channel-flanks. Focussed erosion along the canyon’s or channel’s
floor may also favour development of dense near-bed layers, of the type inferred from flow monitor-
ing in the upper Congo Canyon (Azpiroz-Zabala et al., 2017) or elsewhere (Hughes Clarke, 2016;

Normandeau et al., 2022; Paull et al., 2011, 2013, 2018; Pope et al., 2022a; Talling et al., 2023). Such
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dense near-bed layers, which are restricted to the canyon-channel floor, may themselves be power-
ful agents of erosion. It is perhaps more surprising that erosion along the canyon-channel floor is so

highly localised and patchy, given that bed shear stresses, differences with flank sediment, and pres-
ence of dense near-bed layers might be expected to act in a more uniform fashion along the canyon-

channel system.

5.3. What controls the occurrence and distribution of different erosional processes?

Our third objective is to understand the spatial distribution of erosion. Previous sections have sum-
marised how landslide dams may both initiate large knickpoints (Pope et al., 2022b), and favour side
wall collapses that originate in recently and rapidly deposited sediment wedges upstream of these
landslides. In addition, the most distal reach of the submarine channel has limited erosion (figure 7),
despite experiencing the fastest flow front speeds in the January 2020 turbidity current (figure 2). It
is also apparent that outer bend erosion is only well developed along certain reaches, such as the

sinuous section from 120 to 190 km (figure 6) along the deep-sea channel.

Here we present a hypothesis that may help to explain the long-profile evolution of canyon channel
systems, and also explain why erosion is often localised and patchy. Based on observed changes in
the channel long profile between 2019 and 2020, it is proposed here that the long-profile locally
tends towards an equilibrium profile, as also described in Guiastrennec-Faugas et al. (2020) in the
Capbreton Canyon. Long stretches of the Congo Canyon-channel system have near-uniform gradient,
such as within the upper-canyon, which has a gradient between 0.57° and 0.17° (figure 5c). Seabed
erosion, including via migration of knickpoints, tends to remove material located above this equilib-
rium long profile (figure 5c). Conversely, reaches of the canyon or channel floor that lie along the
equilibrium profile undergo much less erosion (e.g. from 290 to 350 km along the surveyed channel
in figure 7). This preferential erosion for sites above the equilibrium profile results in linear long pro-

file that has a near-uniform gradient, and it may produce localised and patchy erosion.

Long profiles with near uniform gradients also occur in other submarine canyons, suggesting this
may be a more general process, despite differences in canyon margin type (e.g. Guiastrennec-Faugas
et al., 2020). For example, the profile of Monterey Canyon has a uniform gradient, except where it is
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disturbed by the Navy Slump (Paull et al., 2011), whilst the long profile of La Jolla Canyon is also very

linear (Paull et al., 2013).

5.4. Wider Implications

We now summarise the wider implications for hazards to seabed cables, turbidity current modelling
and interpreting ancient canyon-channel systems in the rock record. The observed patterns of often
highly localised and deep (>10-40 m) erosion will also have significant implication for seabed life

(Bigham et al., 2023), which may be locally scoured away in such events. These erosion patterns will
also have implications for how previously deposited sediment, and the organic carbon it contains is
remobilised and transferred to the deep sea in multiple stages (Hage et al., 2020, 2022, 2024; Baker

et al., 2024; Talling et al., 2024).

5.4.1. Assessing and mitigating hazards to cables

This study shows that seabed erosion is very patchy, with localised areas of deep erosion, and inter-
vening reaches of little erosion. Previous work has shown how submarine cables may be badly dam-
aged or broken by powerful canyon-flushing turbidity currents (e.g. Talling et al., 2022; and also
Heezen and Ewing, 1952, Carter et al., 2014 and others). However, a surprising observation in the
Congo Canyon was that although the January 14-16" 2020 flow broke three cables, an intervening
cable survived (figure 2a; Talling et al., 2022). This implies that some local conditions are favourable
for seabed cables surviving such powerful flows, whilst other locations are not, presumably including
areas of especially deep (> 10 to 50 m) seabed erosion. It is therefore suggested that seabed tele-
communication cable routes should avoid areas that are prone to deeper erosion, such as locations

that are upslope from landslide dams, near knickpoints, and immediately after bend apices.

Thus, it will be highly advantageous to survey a canyon-channel floor before cables or other seabed

infrastructure are deployed, to locate the positions of knickpoints and landslide dams. Ideally, repeat
time-lapse surveys should be collected that also determine the rates of up-canyon knickpoint migra-
tion. The cables or other seabed infrastructure should avoid both the current position of knickpoints,
but also areas upstream of a knickpoint that could be affected by its future migration. The infrastruc-

ture should also try to avoid regions of the canyon floor above an equilibrium profile, as these areas
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may also be prone to greater erosion (section 5.3.), even if there is no steepening from an identified

knickpoint.

5.4.2. Modelling turbidity currents

Previous work has shown that turbidity current behaviour is critically dependent on the exchange of
sediment with the seabed (i.e. erosion and deposition). For example, seabed erosion may cause a
turbidity current to become denser and faster, and thus lead to more erosion; a process termed
ignition (Parker, 1982). Indeed, modelling by Traer et al. (2012) suggested that processes of bed ero-
sion may dominate the first order behaviour of turbidity currents. This is confirmed by previous nu-
merical modelling of turbidity currents in the Congo Canyon by van Rijn et al. (2019), although that
modelling produced unrealistic continuous increases in flow speeds (via ignition) from 0 to 9-17 m/s
(cf. Figure 2). Thus, erosional processes are as yet poorly constrained, and highly challenging or im-

possible to reproduce in laboratory flume experiments due to scaling issues (Talling et al., 2023).

It is indeed clear that seabed erosion can substantially increase the volume of sediment carried by
turbidity currents (i.e. bulk up), with the volume of sediment eroded by the 2019-2020 canyon flush-
ing flows in the Congo Canyon being 20-50 times the annual sediment supply from the Congo River
(Talling et al., 2022). In addition, Pope et al. (2022a) showed that turbidity currents in Bute Inlet cu-
mulatively bulked up by a factor of 10 by the mid-fjord. Thus, the amount of sediment eroded from
the seabed can exceed the amount of sediment initially carried by the flows by an order of magni-
tude or more. However, such pronounced bulking only results in rather small increases in flow front
speeds, and highly erosive flows can sustain similar flow speeds over long distances, contrary to igni-
tion theory. This has led to an alternative ‘travelling’ wave model where sediment supplied via basal
erosion into the fast and dense frontal part of the flow, is near-balanced by sediment shed from the
frontal zone into trailing body and tail; thus allowing highly erosive flows to have constant front

speeds (Heerema et al., 2020; Talling et al., 2022, 2023).

This contribution seeks to better constrain processes by which seabed erosion occurred in the Congo
Canyon, although we lack detailed direct measurements from the base of active flows, which will
continue to be very challenging to acquire. However, some important conclusions can still be drawn.
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Erosion in the Congo Canyon was often relatively deep (15-20 m), and there will be order of magni-
tude or more increase in sediment shear strength with depth due to compaction and other process-
es in the upper 20 m of sediment, with the greatest changes in shear strength occurring in the upper
few meters of sediment (e.g. Sawyer and Devore, 2015). Thus progressive changes in sediment shear

strength may need to be accounted for within numerical models of seabed erosion.

Here we emphasise that erosion of the seabed is also highly localised and patchy over distances of a
few kilometers or less, even though the front speed of the turbidity currents was relatively uniform
over long distances of >50 - 100 km (figure 2; Talling et al., 2022). Localised erosion is also not fully
explained by variations in seabed sediment type, as mud-dominated cores in the upper canyon come
from sites that later underwent variable depths of erosion (figures 12 and 13). Erosion of outer
bends occurs, but other types of erosion are volumetrically more important (table 1), and significant
erosion can characterise straighter as well as sinuous segments of the canyon-channel course. Thus,
a sinuous course of the canyon-channel, and resulting higher bed shear stresses at outer bends, can-
not fully explain such localised and patchy erosion. It may be that bed shear stresses are more uni-
formly distributed in transects across the canyon-channel axis in dense near-bed layers, which more
closely resemble hyper-concentrated or debris flows, rather than terrestrial rivers with very low

sediment concentrations where outer bend erosion can dominate.

It is clear that knickpoints play a significant role in seabed erosion in the Congo Canyon and indeed
elsewhere (Figure 10A; Heijnen et al., 2020, 2022). Thus, it appears that once topographic irregulari-
ties develop on the canyon-channel floor, then they play a key role in focussing subsequent seabed
erosion. It is well shown how small-scale topographic ‘defects’ may focus erosion within much
smaller scale scours, at the scale of just a few centimeters to meters (Peakall et al., 2020). But it
seems that positive feedbacks leading to focussed erosion can also occur at the scale of hundreds of

meters to tens of kilometers.

It may thus be important for models to incorporate the processes that create and maintain knick-
points, especially as submarine knickpoints can migrate at speeds that are up to a million times fast-

er (21 km/yr) than knickpoints in most rivers (0.001 to 1 m/yr; van Hejist et al., 2001). Three hypoth-
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eses may be put forward for submarine knickpoint formation and maintenance (Heijnen et al.,
2022). The first hypothesis is that knickpoints are maintained by instabilities within supercritical flow
(“cyclic steps’), but with far longer wavelengths (>1-5 km) than those of the crescent shaped bed-
forms. The second model is that migrating knickpoints are formed by seabed failures triggered by
rapid undrained loading of the substrate, as a turbidity current passes. Rapid rates of sediment ac-
cumulation in the depositional areas of the channel floor may favour such failure. Third, once a
knickpoint is created, the base of knickpoints may be gradually eroded and undercut by turbidity
currents, leading to oversteepening and failure. It is possible that the models are not mutually exclu-
sive. We lack detailed seabed observations of knickpoint generation to test such models, but seabed
sediment in parts of the upper Congo Canyon is dominated by cohesive mud (figure 11). Thus, knick-
points cannot always be formed by seabed failure via sustained breaching of close-packed and non-
cohesive sands, nor liquefaction of loosely-packed sands, although high excess pore pressure and
liquefaction might occur in thin and deeply-buried sand layers, or in sand layers deeper than the

penetration of available cores.

This work in the Congo Canyon also shows that flank collapses and landslide dams create the largest
(up to 150 m high) and longest lasting topographic anomalies and knickpoints (Pope et al., 2022b). In
such cases, knickpoint erosion is through remoulded landslide material from the canyon-flank that is

dominated by cohesive mud, and may have initially been strongly consolidated before it then failed.

Previous numerical modelling of turbidity currents has often quantified seabed erosion via calcula-
tions of excess bed shear stresses, above those needed to initiate erosion (e.g. van Rijn et al., 2019;
Halsey, 2018). Such an approach implicitly assumes that sediment is non-cohesive, and that is not
the case in the upper Congo Canyon. It is also possible that erosion occurs not via grain-by-grain
detachment, but via injection of sediment into the underlying substrate, and delamination of that
substrate to form smaller or larger fragments (clasts), as has been inferred from ancient turbidity
current outcrops (Eggenhuisen et al. 2011; Fonnesu et al., 2016). In areas with cohesive sediment it
is important to constrain changes in sediment shear strength, especially where erosion accesses

deeper and more consolidated layers, and account for erosion of blocks of cohesive sediment rather
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than individual grains or flocs (e.g. Mitchener and Torfs, 1996). Sustained loading and vibration of
sediment may also play a role in seabed erosion beneath canyon-flushing turbidity current, which

may affect sediment properties and lead to high excess pore pressures, or indeed liquefaction.

These detailed processes are very challenging to monitor in action in the field for turbidity currents,
but is clear that turbidity current front speed is not closely linked to depth and volume of erosion
(Talling et al., 2022). The fastest flows in the Congo Canyon and Bute Inlet had similar front speeds of
5-8 m/s, yet much more sediment volume was eroded in the Congo Canyon (Talling et al., 2022).
Indeed turbidity currents in Monterey Canyon that travelled at up to 7.2 m/s produced subequal
amounts of erosion and deposition, typically to depths of < 3m (Paull et al., 2018; Talling et al.,
2022). Erosion depths and volumes seem to be more closely related to other flow properties, such as
duration of the faster frontal parts of the flows that is highly variable between different field sites

(Talling et al., 2023).

Finally, this study of the Congo Canyon may support a hypothesis that submarine canyons locally
tend towards a uniform and near-constant gradient (see section 5.3). Although the underlying rea-
sons why such an equilibrium profile develops are not fully clear, it may also offer opportunities to

constrain patterns and depths of local erosion for future turbidity current modelling.

5.4.3. Interpretation of ancient submarine canyon and channel outcrops

This study illustrates that thalwegs of active submarine canyons and channel can be extremely dy-
namic, and undergo large scale changes over very short periods. For example, 82% of the Congo
Canyon and Channel floor underwent changes in elevation of > 5 m over just 12 months. Seabed
change was dominated by erosion along the floor of the canyon-channel, often to depths of 15-20
m, and with maximum depths of up to 50 m. It is also seen that 20-50 m deep knickpoints can mi-
grate upstream by up to 21 km in just one year during canyon-flushing events, at rates that are
around a million times more rapid than typical rates of knickpoint migration in terrestrial rivers (van
Heijst et al., 2001). These rapid changes are important to consider when looking at the deposits of

ancient submarine canyons and channels in outcrop.
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The greatest fluctuations in erosion and deposition occur in the vicinity of landslide dams in the up-
per canyon. Emplacement of the landslide-dam can induce rapid sediment accumulation of up to
150 m in <20 years, with a wedge of sediment extending tens of kilometers up-slope from the dam
(Pope et al., 2022b). This was followed by knickpoint erosion to depths of up to 50 m within one
year. This emphasises the dynamic nature of processes that may built ancient canyon-channel se-

quences.

Apart from landslide dams, sediment deposition from 2019-2020 was typically below the (~5 m)
resolution of these ship-mounted bathymetric surveys (5 m in the upper canyon and 15 m in the
deep-sea channel). Limited coring of internal terraces and external levees in 2019 (also see Babon-
neau et al., 2002, 2010) recovered numerous thin-bedded turbidites from such settings, and these
areas showed no discernible (< 5 m) change from 2019-2020. However, a few areas on internal ter-
races in the upper canyon show > 5 m of deposition from 2019-2020 (figures 5 and 8), but these

areas are not yet cored, so that the nature of these thicker deposits is uncertain.

This study documents that a very large volume of sediment (equivalent to 19-33% of the present-day
annual sediment flux from rivers to the ocean; Talling et al., 2022) was bypassed down-slope along

single or composite erosion surfaces. This emphasises the importance of sediment bypass in subma-
rine canyons and channels (Stevenson et al., 2015). It is consistent with outcrop studies showing that

channel-fill deposits can contain numerous erosion and bypass surfaces (Hubbard et al., 2020).

In general, our study suggests that the preservation potential of canyon and channel fill deposits is
very low, as previously inferred for smaller scale channels in turbidity current systems (Vendettuoli
et al., 2019). However, more bathymetric surveys over a more extended period would be needed to
guantify deposited volumes along the canyon-channel axis, as well as eroded volumes, to calculate
the exact preservation potential of channel fill deposits. Indeed, quantifying the relative differences
in preservation potential across the system requires long-term monitoring due to the relative infre-
guency of events in the distal channel. Such calculations of deposited sediment volumes are also

hampered by the limited resolution of bathymetric surveys in these water depths.
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6 Conclusions

This study presents time-lapse bathymetric surveys that show how major submarine canyons and
channels in the deep-sea can be carved by powerful ‘canyon flushing’ turbidity currents. These tur-
bidity currents travelled for 1,100 km down the Congo Canyon-Channel in 2020, at speeds of 5-8 m/s
(figures 1 and 2). The flows eroded a sediment volume of ~2.65 km?, from a single submarine canyon
in one year, which is equivalent to 19-35% of the global sediment flux from all rivers to the ocean

(Talling et al., 2022).

In general, seabed erosion dominated over deposition along the entire canyon-channel, with erosion
commonly occurring to depths of 15-20 m over just one year (figures 5-7). These surveys also show
that seabed erosion is extremely patchy, despite relatively uniform turbidity current flow front
speeds of 5-8 m/s (Talling et al., 2021, 2022). This might suggest that local properties of the seafloor
may critically impact the depth and rate of erosion, but the small number of sediment cores availa-
ble from the thalweg of the Congo Canyon-Channel do not support a clear link between dominant
facies and depths of erosion, although they do show that erosion in the upper canyon must involve
excavation of cohesive sediment (figures 11 and 13). Patchy erosion may thus also be largely due to
preexisting topographic irregularities, such as steeper knickpoints, which favour deep erosion due to

their migration.

Overall, 94% of the measured seabed erosion occurs on the canyon-channel floor. Of this channel-
floor erosion, 22% is associated with clear knickpoints, and 62% categorised as general channel floor
(thalweg) erosion without such knickpoints, and 10% is outer bend erosion (figure 10; table 1). The
final 6% of the total volume of erosion is caused by canyon or channel sidewall flank collapses (table
1), which are most common up-canyon from a major landslide dam that was emplaced before 2019

(Pope et al. 2022b).

The observation that seabed erosion is patchy has important implications for planning submarine
cable routes. For example, cable routes should avoid areas close to (or just upstream from) knick-

points, where future seabed erosion may be much deeper. Exchange of sediment with the seabed
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(i.e. erosion and deposition) will profoundly affect turbidity current behaviour, as it affects the sedi-
ment concentration and thus driving force of these flows (Traer et al., 2012; Halsey, 2018). Future
modelling of turbidity currents may need to include such localised and patchy seabed erosion, and

the underlying processes by which it is generated.
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Highlights

First detailed time-lapse surveys of a major submarine canyon-channel system.
Surveys capture patterns of erosion due to powerful canyon-channel flushing flows

Seabed erosion is highly localised and patchy, despite relatively uniform flow
speed

Knickpoints can migrate at up to 21 km per year, but not all knickpoints migrated.

Localised erosion may explain why some seabed cables break, but others survive.
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