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repeat seafloor surveys and turbidity current monitoring along a 50 km-long submarine channel in Bute
Inlet, British Columbia, and discharge measurements from the main feeding river. These source-to-sink
observations provide the most detailed information yet on magnitude-frequency-distance relationships
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channel-lobe system. This analysis provides new insights into mass redistribution, and particle residence
times in submarine channels, as well as where particles are eventually buried and how that is recorded
in the deposits. We observe stepwise sediment transport down the channel, with turbidity currents
becoming progressively less frequent with distance. Most flows dissipate and deposit within the proximal

bypass

Iobe (< 11 km) part of the system, whilst longer run-out flows then pick up this sediment, ‘shuffling’ it further

downstream along the channel. This shuffling occurs mainly through upstream migration of knickpoints,
which can generate sediment bypass along the channel over timescales of 10-100 yrs. Infrequent large
events flush the channel and ultimately transport sediment onto the lobe. These flushing events can
occur without obvious triggers, and thus might be internally generated. We then present the first ever
sediment budget analysis of an entire submarine channel system, which shows that the river input and
lobe aggradation can approximately balance over decadal timescales. We conclude by discussing the

implication of this sediment shuffling for seafloor geohazards and particle burial.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction most important questions about sediment transport through sub-
marine channels concern the spatial and temporal patterns of

Submarine channels are the primary conduits for terrestrial ~ sediment transport, the magnitude-frequency distribution of flows
and coastal-derived material to the deep-sea, forming the world’s  responsible for these patterns, how these patterns and this distri-

largest sediment accumulations (Curray et al., 2002). Some of the bution vary along-system and over time, and how they are mani-
fested in the stratigraphic record. These are also fundamental ques-

tions for other types of sediment transport system (e.g. rivers, allu-
* Corresponding author. vial fans, and landslide systems). This relationship between event
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Fig. 1. Generalised models of how submarine channel systems evolve over longer timescales showing how erosion and deposition is distributed over longer timescales in a
submarine channel system. The upstream canyon is characterised by erosion, the channel by bypass or slight deposition and the lobe is depositional (redrawn from Wells
and Cossu, 2013). (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

mass is redistributed. For submarine settings, this relationship de-
termines the hazards faced by the global network of seafloor cables
(Carter et al., 2009; Heezen and Ewing, 1952). It also determines
residence times of sediment grains at a site, and whether they
will become exhumed; thus influencing the supply of nutrients,
and pollutants to marine food webs, and efficiency of organic car-
bon burial in marine sediments (Azaroff et al., 2020; Baudin et
al., 2010; Canals et al., 2006; De Leo et al., 2010; Pierdomenico
et al,, 2020). Finally, the magnitude-frequency relationship and re-
sulting depositional/erosional patterns determine how deposits are
formed, and what is ultimately recorded. This is important as sub-
marine channel and lobe deposits are used as archives of Earth
history, including past climates or geohazards such as earthquakes,
floods, and storms (Prins and Postma, 2000; St.-Onge et al., 2004;
Masson et al., 2011).

Direct observation of sediment transport through submarine
channel systems has been challenging, because of the often-remote
locations, and the destructive and episodic nature of turbidity
currents (Hughes Clarke, 2016; Inman et al, 1976; Paull et al,
2018). Studies of sediment volume budgets, or changes in flow
magnitude-frequency are sparse, and fewer still integrate monitor-
ing of flows and seafloor change (Stacey et al.,, 2019). We there-
fore rely upon inferences from deposits left behind by turbidity
currents, scaled-down laboratory models, numerical models, or in-
dividual seafloor surveys (de Leeuw et al., 2016; Hubbard et al.,
2020; Paull et al., 2011; Sylvester et al., 2011). These studies un-
derpin a classical view of submarine canyon-channel-lobe systems
over long (100s->100,000s of years) timescales (Fig. 1), wherein
the upstream and deeply incised part of systems (‘canyons’) are
characterised by long-term erosion (Fig. 1; Shepard, 1981; Carl-
son and Karl, 1988). Submarine channels that extend from canyons
are typically characterised by areas of less severe erosion, sediment
bypass (where erosion balances deposition), or gradual aggradation
(Normark, 1970; Stevenson et al., 2015). Some submarine channel
systems are fed directly at a river-mouth, where a prodelta, rather
than a well-developed canyon, transitions downslope into a chan-
nel (e.g. Heijnen et al., 2020). Lobes are the downstream termini
of submarine channels, which are dominantly depositional areas
(Jobe et al., 2018; Normark, 1970).

Competing models exist for how flow frequency and mag-
nitude change with distance along submarine channel-lobe sys-
tems, and the resultant long-term spatial variations in erosion
or deposition (Fig. 2). The first model assumes individual flows
transition from net-erosive in the canyon, to mainly bypassing
in the channel, and depositional on the lobe (Fig. 2a). In this
‘ignition-autosuspension-deposition’ model, an initial catastrophic
event (earthquake, flood, storm) generates a powerful turbidity
current in the canyon (Heezen and Ewing, 1952; Jobe et al., 2018;
Masson et al.,, 2011; Mountjoy et al., 2018; Normark and Piper,
1991; Sequeiros et al., 2019; St.-Onge et al., 2004). These turbidity
currents erode and entrain sediment proximally, increasing their
density and ability to erode; a positive feedback called ignition
(Bagnold, 1962; Parker et al., 1986). Flows may reach an equi-
librium state, where seabed erosion and deposition approximately
balance, termed ‘autosuspension’ (Bagnold, 1962; Heerema et al.,
2020; Parker et al., 1986; Stevenson et al., 2015). Autosuspend-
ing flows carry their sediment load through the channel without
significant erosion or deposition (also called ‘bypassing’ flow), be-
fore depositing the transported sediment primarily on the lobe,
where flow is less confined (Fig. 2a). The long-term pattern of
seabed erosion, bypass, and deposition is thus mirrored by compa-
rable changes with distance within each individual flow (Fig. 2a).
This simplistic model implicitly assumes the system is repeatedly
traversed by a single magnitude of flows, which have broadly com-
parable behaviour, and all are recorded in the lobe deposits.

A second ‘fill-and-flush’ model assumes more frequent, weaker
and shorter runout flows fill the proximal part of a submarine
canyon or channel; whilst more powerful and longer runout flows
occasionally flush sediment through the whole system to the
lobe (Fig. 2b; Normark and Piper, 1991; Allin et al., 2016). As in
the ‘ignition-autosuspension-deposition’ model, flushing flows have
been linked to catastrophic triggering events (e.g. major earth-
quakes, floods, or typhoons; St.-Onge et al., 2004; Masson et al.,
2011; Mountjoy et al., 2018; Sequeiros et al., 2019). This second
model differs from the first, as long-term patterns of seabed ero-
sion and deposition are not mirrored by erosion-deposition pat-
terns in all flows; however, flushing flows in this model could
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Fig. 2. Three different models of sediment transport through submarine channel systems. a) Autosuspension model: a single big flow triggered by a catastrophic event
erodes in the canyon, then reaches a state of autosuspension and bypasses the channel, and deposits its sediment on the lobe. b) Fill-and-flush model: frequent successive
small flows fill the upper canyon, preconditioning a large flow triggered by a catastrophic event. This large flow then flushes this preconditioned sediment and ignites,
then bypasses the channel and deposits on the lobe. c) Shuffle-and-flush model: successive flows decreasing in frequency with distance, distribute a trail of unconsolidated
sediment in the upper part of the system. A larger turbidity current is generated as it picks up this sediment, balancing out the original deposition in the channel before
depositing on the lobe.
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broadly resemble flows in the ‘ignition-autosuspension-deposition’
model (Fig. 2a).

The third ‘shuffle-and-flush’ model is a modified version of the
‘fill-and-flush’ model, where instead sediment travels through the
canyon-channel in multiple steps (Paull et al., 2005). Sediment is
repeatedly buried, excavated and transported progressively down-
channel by flows of variable run-out length, which varies as a
function of flow frequency (Paull et al., 2005; Stacey et al., 2019).
These ‘shuffling’ flows may lead to complex patterns of alternating
deposition and erosion over shorter timescales. It remains unclear
whether flushing flows come from the same overall magnitude-
frequency distribution as shuffling flows, representing the tail of
that distribution; or if they are a separate class with distinct trig-
gers. In both ‘fill-and-flush’ and ‘shuffle-and-flush’ models, lobe
deposits hold an incomplete record of the activity of the system,
as only the flushing flows are recorded. A lack of source-to-sink
monitoring studies means that these models remain untested at
field-scale. Here we present the first direct monitoring dataset for
an active submarine channel-lobe system along its full length to
test these three models of submarine channel and lobe activity.

2. Aims

Our overarching aim is to understand the spatial and temporal
patterns of sediment transport, and magnitude-frequency-distance
relationships of turbidity currents, within a submarine channel sys-
tem. We address the following specific aims using data collected
from a 50 km-long channel and associated lobe in Bute Inlet,
Canada. The first aim is to understand how patterns of erosion
and deposition vary spatially along the channel, and over different
timescales. The second is to determine when and how efficiently
sediment is delivered to the terminal lobe and what controls the
timing of this sediment delivery. Previous studies suggested catas-
trophic triggers such as floods and/or earthquakes are required, but
here we explore whether sediment delivery to the lobe can oc-
cur without major external triggers. The third is to provide the
first detailed budget analysis of sediment sources and sinks within
an entire submarine channel-lobe system. The fourth is to use
these results to test three general and fundamental models (Fig. 2)
for sediment transport through submarine channels, including the
relationship between magnitude-frequency-distance of submarine
flows, and how sediment bypasses submarine channels. Finally, we
discuss wider implications for organic carbon, nutrient and pol-
lutant transfer to the deep-sea, whether lobes record floods or
other hazards, and how lobe deposits are built in the stratigraphic
record.

3. Field monitoring site

We analyse data from the 50 km-long submarine channel sys-
tem in Bute Inlet, British Columbia, Canada (Fig. 3a, b; Prior et al.,
1987; Zeng et al., 1991). The submarine channel system extends
from the prodeltas of the Homathko and Southgate Rivers, to a
lobe at 650 m water depth (Fig. 3b). The Homathko River is re-
sponsible for 70-80% of the freshwater input, the Southgate River
provides 15-25%, while small streams on the sides of the fjord ac-
count for the remaining 5% (Syvitski and Farrow, 1983; Zeng et al.,
1991). The submarine channel has an average gradient of 0.6° and
sinuosity of 1.4. The uppermost channel reaches slopes of up to 3°,
while the gradient at the lobe is ~0.1° (Chen et al., 2021; Heijnen
et al,, 2020; Zeng et al., 1991). The channel floor mainly comprises
sand, while overbank areas are dominantly silty at seafloor (Zeng
et al,, 1991). Sandy turbidites occur in the subsurface in overbank
areas (Chen et al., 2021; Zeng et al., 1991). Tens of turbidity cur-
rents occur each year in the upper reach of the channel, during the
summer freshet, when the Homathko River discharge rises above
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200 m3/s due to snowmelt (Chen et al., 2021; Prior et al., 1987;
Zeng et al., 1991). The submarine channel is mostly inactive dur-
ing the winter, when river discharges are below 100 m3/s (Prior et
al., 1987). Repeated seafloor surveys a few years apart have shown
how turbidity currents shape the seafloor, creating crescentic bed-
forms, and locally driving the upstream-migration of 10-40 m-high
knickpoints (Chen et al., 2021; Heijnen et al., 2020).

4. Methods

Our monitoring approach integrates a decade of repeat seafloor
surveys across the entire Bute Inlet channel-lobe system, direct
monitoring of turbidity currents along the length of the system,
and discharge measurements of the Homathko River.

4.1. Repeat seafloor surveying

The submarine channel system was surveyed ten times be-
tween March 2008 and November 2018 to determine seafloor
changes (see supplementary Table 1 for precise timings of surveys).
Multibeam echosounders were operated using Kongsberg Maritime
SIS Software. Heave, roll, and pitch corrections were incorporated
in the acquisition process using motion sensors, tidal corrections
were performed using predicted tides, and data were processed in
CARIS HIPS and SIPS software. Surveys were gridded with horizon-
tal resolutions of 1-5 m. Vertical accuracy of the surveys is around
0.5% of the water depth (Heijnen et al., 2020). Seafloor elevation
changes were quantified by creating elevation difference maps in
ArcGIS (Fig. 3).

4.2. Turbidity current monitoring

Turbidity currents were monitored using Acoustic Doppler Cur-
rent Profilers (ADCPs) during the summers of 2016 and 2018 (sup-
plementary Table 1). Instruments were moored in the channel at
six locations (M1-M6) between 3-42 km along-channel from the
Homathko River mouth (Chen et al., 2021; Fig. 3c). Mooring lo-
cations were identical in 2016 and 2018, apart from the most
upstream mooring (M6), which was positioned a further ~2 km
upstream in 2018. Moorings recorded from June 9th until Septem-
ber 23" in 2016, and May 14" to November 8th in 2018. Each
mooring included at least one down-looking Teledyne Workhorse
ADCP (300-1200 kHz), suspended above the channel to record
flows passing beneath. Turbidity currents were identified by a sud-
den increase in velocity and backscatter (Paull et al., 2018). The
ADCP on M5 failed during deployment in 2018; hence no data
exist for analysis. Turbidity currents generally reached velocities
between 0.7 and 4 m/s, with a maximum velocity of 6.2 m/s (Sup-
plementary material). Individual flow durations were typically less
than four hours, with thicknesses of less than 20 m.

4.3. River discharge monitoring

Discharge near the mouth of the Homathko River was moni-
tored daily throughout the entire survey period (https://wateroffice.
ec.gc.ca; station 08GD004). No river monitoring was available for
the Southgate River.

4.4. Sediment budget analysis

Erosional and depositional volumes within the channel-system
were derived through elevation differences from repeat seafloor
surveys. Only erosion within the channel and on the lobe are
considered, as the overbanks did not show erosion or deposition
greater than the background noise. Uncertainty in the volumes de-
rived from the difference maps is based on a vertical accuracy of
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Fig. 3. Location, morphology, and change of the Bute Inlet submarine channel-lobe system. Source satellite data: Esri, DigitalGlobe, GeoEye, Earthstar, Geographics, CNES/Airbus
DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community. a) Location of Bute Inlet. b) Overview of the submarine channel-lobe system in Bute Inlet as monitored in
March 2008. Data is presented as a slope map overlain by a semi-transparent bathymetry map. c) 2008 slope map overlain by a March 2008 - November 2018 difference
map. Location of moored instrument stations is shown. Note the along-channel alternation of erosional and depositional areas controlled by knickpoints. d) Detailed difference
map of the upper channel. Location shown in panel c. Note patterns of erosion and deposition caused by a variety of different processes. e) Detailed difference map over
June-October 2016 of the Homathko River Prodelta. Location shown in panel d. Note the upstream-migrating bedforms dominating the evolution of the prodelta on the short

timescale.
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Table 1
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Sediment budgets in Bute Inlet between March 2008 and November 2018. Sediment sources are sediment
exhumed through erosion and sediment delivered by the Homathko River. Sediment volume delivered by the
Homathko River is represented as the volume if it were deposited.

System component

river mouth)

Sediment sources (eroded
from seabed or supplied from

Sediment deposited on
seabed

Homathko River (2008-18)
(annual range of sediment
supply to Bute Inlet from
Syvitski and Farrow, 1983)

Submarine Prodeltas &
Submarine Channel (2008-18)
(volume eroded or deposited
during the time-lapse surveys)

March 2008 - November 2010
November 2010 - February 2015
February 2015 - November 2018

Submarine Lobe (2008-18) -
(volume of sediment deposited
during the time-lapse surveys)

Total

41 + 12 million m?
(i.e. eroded volume)

13.0 + 14 million m?
35 =+ 12 million m?

7 + 6 million m>

(no discernible erosion)

66-84 million m>

25-43 million m? -
(i.e. sediment supplied by the
Homathko River)

19 + 11 million m?
(i.e. deposited volume)

7 & 9 million m3
14 + 10 million m?
12 £ 16 million m3

30 + 38 million m3
(i.e. deposited volume)

49 million m3

Deficit of 17-35 million m? of sediment over the entire system,
which may include deposits outside channel that are too thin to
resolve with available bathymetry survey resolution, or delta
progradation upstream of the extent of the surveys.

the multibeam bathymetry of 0.5% of the water depth (Heijnen et
al., 2020). Sediment released through erosion as well as sediment
delivered by the rivers were regarded as sediment sources, and
were compared to the volumes of the depositional zones. In order
to compare the depositional volumes derived from difference map-
ping with the sediment supplied by the feeding rivers, we convert
the annual range in sediment supply for the Homathko River (from
Syvitski and Farrow, 1983) to sediment volumes, using a porosity
range of 0.3-0.6 (Beard and Weyl, 1973; Houston et al., 2011) and
a sediment density of 2,585 kg/m> (97% sand, 3% organics; Syvitski
and Farrow, 1983). Comparison between these two values allows
determination of how much of the sediment supplied by the rivers
accumulated within the submarine channel system. No sediment
input data are available for the Southgate River, but we expect it
to be small as its discharge is estimated to be only 19-36 % of that
of the Homathko River.

5. Results
5.1. Bathymetric and volumetric changes between 2008 and 2018

The submarine channel-lobe system is morphologically dynamic
along its full length. All sections apart from the lobe experienced
some resolvable erosion or deposition over the ten years. Approx-
imately 30% of the channel underwent at least 5 m of elevation
change (Fig. 3c). Erosion locally exceeded 30 m, with deposition
exceeding 10 m in some parts. Sediment budget analysis suggests a
net removal of 17-35*106 m3 sediment from the system (Table 1).
Section 6.3 discusses the likely fate of this apparently missing sed-
iment. The main removal of sediment originates from the channel,
while the sediment input from the river approximately matches
the deposition on the lobe (Table 1; Syvitski and Farrow, 1983).

5.2. Change on the prodeltas and in the channel
A complex pattern of erosion and deposition characterises the

Homathko prodelta and most-upstream part of the channel, pri-
marily resulting from the upstream-migration of crescentic bed-

forms (Fig. 3e), but also due to localised channel-flank collapses,
terrace formation and local avulsions of the channel thalweg
(Fig. 3d). Downstream of M5, an alternating pattern of erosion
and deposition occurs along the length of the channel, as a re-
sult of zones of steep 10-40 m-high knickpoints that progressively
migrated upstream at 100-450 m/yr. This upstream-migration of
knickpoint-zones creates channel-wide erosion zones, downstream
of which sediment accumulates at up to 1.1 m/yr (Fig. 3c; Heijnen
et al.,, 2020). Where a knickpoint migrates upstream into a reach
of the channel previously dominated by deposition, it can com-
pletely remove any prior evidence of deposition; with the resultant
stratigraphy locally indicating an apparent balance between ero-
sion and deposition (Fig. 4). The overall eroded volume exceeded
the deposited volume in the channel by 22*10% m? (Table 1). The
eroded volume was largest between November 2010 and Febru-
ary 2015. Volumes of seabed change appear more balanced in the
other periods, but are close to the uncertainty threshold (0.5% of
water depth; Table 1).

5.3. Change on the lobe

The lobe grew by 30*10% m3 of sediment between March 2008
and November 2018, which locally reached 10 m thickness (Fig. 5a,
b). Most of this deposition occurred between November 2010 and
February 2015. Up to 6 m of deposition occurred between Novem-
ber 2014 and June 2014, and up to 3 m between June 2014
and February 2015. No deposition was detected on the lobe from
November 2015 to 2018; at least not above the vertical accuracy of
the multibeam data. Therefore, significant and resolvable sediment
delivery to the lobe only occurred in 4 of the 11 yrs observed.
The transition between the channel and the lobe is characterised
by a ~15 m-high knickpoint (Fig. 5a, b). This knickpoint migrated
2.1 km upstream between March 2008 and November 2018. A
down-dip profile along the lobe reveals a lenticular depositional
morphology, the thickest parts of which tend to backstep up-slope
towards the channel, but also include thinner prograding bodies.
Lateral expansion of the lobe is likely limited by the confinement
provided by the steep fjord side walls.
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Fig. 4. Timelapse difference maps and cross sections of an area affected by knickpoint-related erosion and deposition. a) Difference maps over three time intervals compared
to the difference map over the entire survey area. Location shown in Fig. 2c. Note how the erosional and depositional areas shift over time as the knickpoint migrates. b)
Cross section through the channel showing changes over time compared to the change over the entire survey. Location shown in panel a. Note how the area of cross section
is characterised by both phases of erosion and deposition that balance out over time. d) Schematic model showing how knickpoint related erosion and deposition can cause

channel bypass over longer timescales.

5.4. Turbidity current runout distances

the channel (Fig. 6a, b). Most flows (92%) dissipated within the

proximal part of the channel. Six flows reached M3, while only

The ADCPs recorded 113 turbidity currents over the two sum- two of the 113 flows reached mooring M1 on the lobe. Most of
mers when moorings were deployed (2016 and 2018; Fig. 6a). The the flows were recorded in 2018 (N=95); due to the shallowest
number of flows recorded decreases with increasing distance along mooring (M6) being located further downstream in 2016, and the
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period, in 2010 and in 2011.

2016 mooring failing halfway through the deployment. Six flows in
2018 were recorded at M5, but not at M6. This can be attributed
to M6 missing the flows starting at the Southgate River in 2018,
since the M6 mooring was located upstream of the confluence of
the Homathko and Southgate Delta-channels in 2018, but located
downstream in 2016 (Fig. 3c; 6a). These six flows are excluded
from this analysis, as it would bias the amount of flows reaching
M5 compared to M6.

5.5. Variations in river discharge

Discharge of the Homathko River was seasonally-variable
(Fig. 5¢), with discharge in winter typically below 100 m3/s, while
summer discharge was typically above 500 m3/s, and occasionally
>800 m3/s. The average discharge of the Homathko River over the

study period was 277 m3/s; 9% higher than previously reported
by Syvitski and Farrow (1983). Larger variations between years oc-
curred on daily-weekly timescales, with the coefficient of variation
of the average daily discharge being 0.48. The two largest peaks
in discharge (up to ~2,500 m3/s) occurred in September 2010 and
September 2011.

6. Discussion

We now first discuss how sediment is transported in a series
of successive time steps along the channel, and when sediment is
transported to the lobe in Bute Inlet. Second, we explore the po-
tential causes for the sporadic lobe-building episodes. Third, we
discuss the overall sediment budget of the system. Fourth, we use
our field data to test previous models of sediment transport in



M.S. Heijnen, M.A. Clare, M.J.B. Cartigny et al.

a: Measured turbidity currents and seafloor change along Bute Inlet
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the relative flow frequency and the dominant depositional and erosional processes along

submarine channels and discuss whether our findings are more
broadly applicable to other deep-sea systems. Fifth, we present
a new model that can explain how the upstream migration of
knickpoint-zones can generate bypass zones in submarine chan-

a knickpoint-dominated channel.

nels. Finally, we discuss the implications for the fate of land-
derived material in the deep-sea, preservation of environmental
signals in submarine channel deposits, and geohazard assessment
for seafloor infrastructure.
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6.1. Multi-stage ‘shuffling’ of sediment along the submarine
channel-lobe system

Sediment is shuffled along the submarine channel system in
several steps. The residence time in each step is controlled by
the frequency and magnitude of flows, which in turn varies as a
function of distance down-channel. Sediment is transported and
reworked in the proximal (first ~10 km) channel system by small
flows that occur frequently (10s of flows a year). Most flows dissi-
pate over relatively short runout distances (< 12 km from source;
i.e. before M5), depositing and reworking sediment in the upper
reach of the system, which is characterised by migration of cres-
centic bedforms (Chen et al., 2021; Hughes Clarke, 2016; Vendet-
tuoli et al,, 2019), terrace formation and lateral migration of the
main channel, and channel-flank failures (Fig. 3d, e).

Sediment is then transported further down-channel (~10-35
km) by less frequent flows (~10 flows per year) that typically
dissipate somewhere within the channel (between M5 and M1).
These flows trigger the upstream-migration of knickpoints, which
are common in Bute Inlet. Sediment is deposited and stored tem-
porarily between ‘knickpoint-zones’ along the channel, before be-
ing eroded via up-channel movement of the next knickpoint-zone,
a process which dominates channel evolution (Fig. 4; Heijnen et
al., 2020). The rate of knickpoint migration does not appear to
obviously relate to the frequency of turbidity currents, and it is
therefore likely that only certain types of turbidity current result
in knickpoint migration (Chen et al., 2021; Supplementary Mate-
rial).

The residence time of particles within the prodeltas and sub-
marine channel is variable, and depends on where (and how of-
ten) a particle is buried. The particles that make up a flushing
event might never be buried, and can be transferred straight from
the river-plume to the lobe. However, most particles will be de-
posited in the prodelta, and will be reworked here several times
by frequent turbidity currents that cause the upstream migration
of crescentic bedforms. Individual bedform crests can be tracked
in surveys at the start and end of a freshet season (Fig. 3e),
which suggests that these bedforms migrate less than one wave-
length per season. This suggests that particles can reside and be
reworked within the prodelta and uppermost channel for up to a
few 100s of years. Particles then reach the main part of the chan-
nel where they likely reside in the depositional zones between the
knickpoint-zones. Based on migration rates, a knickpoint-zone will
reach the current position of the next knickpoint-zone upstream in
17-62 yrs (supplementary material). In turn, this suggests a sim-
ilar time of 17-62 yrs for sediment to reside in each depositional
area between knickpoint-zones. Our data do not allow us to ascer-
tain precisely where and how knickpoints originate. However, it is
plausible that they may initiate at the channel-lobe transition, and
then progressively migrate up the channel. Longer duration time-
lapse surveys are required to capture the inception of a knickpoint.

Flow monitoring in 2016 and 2018 suggests ~1 turbidity cur-
rent reaches the lobe each year, but these monitored flows did not
leave resolvable deposits on the lobe (Fig. 5 a, b; 6a, b). Repeat
surveys show that deposition on the lobe was sporadic; almost ex-
clusively within 4 of the 11 monitored summers (November 2010
to February 2015). This lobe-building interval coincides with high
erosion rates in the channel (Table 1). There may therefore be an
even larger type of flow event, not captured during our flow mon-
itoring in 2016 and 2018, that occurs in Bute Inlet on the order of
once every 10 yrs, and flushes large amounts of sediment onto the
lobe. Longer-term monitoring is required to record and understand
such infrequent events.

10

Earth and Planetary Science Letters 584 (2022) 117481

6.2. What controls episodic sediment delivery to the lobe?

It is possible that such lobe-building events could be triggered
by external events (e.g. floods, earthquakes or landslides). However,
comparison of the timing of channel flushing and lobe aggradation
between November 2010 and February 2015 with other external
events does not reveal an obvious link. An unusually large flood
(up to 2500 m3/s) on the Homathko River occurred in 2011, and
may explain 6 m of lobe aggradation between November 2010 and
June 2014 (Fig. 5). However, the second largest flood (up to 2000
m3/s) on the Homathko River, which occurred in 2010, did not
result in any resolvable lobe deposition. Furthermore, the period
between June 2014 and February 2015 accounts for the thickest
annual deposition rate on the lobe, but no major flood occurred on
the Homathko River during this period (Fig. 5c). It is possible that
flooding on the Southgate River, which provides a secondary source
of sediment, may also play a role. While the Southgate Prodelta
was not surveyed between June 2014 and May 2018, no major
changes in the morphology of the prodelta were observed be-
tween these surveys; hence a major flood on the Southgate River is
not considered likely. Although earthquakes occur frequently along
the Cascadian Margin, Juan de Fuca Ridge, and Cascade Range, no
clear pattern in monitored earthquakes can directly explain the en-
hanced deposition on the lobe between 2010 and 2015, nor the
lack of deposition in the 2008-2010 and 2015-2018 periods (Sup-
plementary Table 1; Supplementary Fig 1). A channel-flank failure
occurred between November 2010 and June 2014, which may in-
stead explain the lobe aggradation between 2010 and 2014, but no
equivalent failure occurred to explain aggradation between 2014
and 2015 (Fig. 3c,d). Therefore, no consistent trigger is identified,
nor are the direct effects of a major external event necessarily re-
quired for lobe aggradation.

Alternatively, lobe-building flows might be part of the same
frequency-magnitude distribution as the other flows, generated by
internal (autogenic) processes, rather than by external triggers. One
potential mechanism involves preconditioning of the upper chan-
nel reaches with poorly-consolidated sediment that is episodically
entrained by overriding flows, causing ignition (self-acceleration),
and thus enabling long runout to the lobe. In this scenario, flush-
ing flows that build the lobe can only occur once a sufficient
stock of surficial sediment has accumulated in the upper channel.
Availability of suitable sediment can determine flow ignition and
runout distance, particularly where easily-eroded sediment accu-
mulates seasonally (Bailey et al., 2021; Hage et al., 2019; Heerema
et al., 2020). However, it is unclear how erodible sediment that
may generate flushing flows could have accumulated preferentially
between 2010 and 2015, and not during other periods, given the
persistent flow activity in the upper channel (Fig. 2d, e; 6a, b).

Another hypothesis is that a certain configuration of knick-
points may favour longer-runout turbidity currents. As turbid-
ity currents flow over and erode steep knickpoints, they may
also ignite and accelerate, while lower gradient relief reaches be-
tween knickpoints are depositional, and hence turbidity currents
decelerate there (Chen et al, 2021; Guiastrennec-Faugas et al.,
2021). A configuration in which the lower relief reaches between
knickpoint-zones are shortest might thus favour flows reaching
the lobe. However, we did not observe obvious knickpoint con-
figurations that would favour sediment delivery to the lobe be-
tween November 2010 and February 2015. Increased knickpoint
migration rates and channel erosion did occur between 2010 and
2015 (Heijnen et al., 2020), suggesting flows likely ignited as they
traversed the system. However, it is not possible to disentangle
whether this enhanced knickpoint migration rate and erosion be-
tween 2010 and 2015 is a cause or result of flushing events. Fu-
ture longer-term monitoring is needed to conclude how and which
flows cause lobes to aggrade. Coring of the lobe deposits can pro-
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vide longer records, and may also be used to determine whether
the type of aggradation episodes documented here occurred in one
or multiple flow events.

6.3. First detailed source to sink sediment budgets for a submarine
channel-lobe system

Overall volumes of seafloor change, combined with estimated
sediment input by the Homathko River indicate a total deficit of
17-35*10% m> of sediment (Table 1). Assuming this deficit is not
entirely caused by measurement uncertainties, it is conceivable
this missing sediment may have accumulated on the overbank ar-
eas, and beyond the lobe. Deposits on the overbanks and up to 10
km past the lobe would need to be 18-37 cm thick on average to
fully account for the missing sediment, which would be below the
vertical resolution of the multibeam surveys, making this hypoth-
esis plausible.

The overall deposition in the channel and on the lobe com-
bined exceeds the overall erosion in the channel by around 8*10°
m> between March 2008 and November 2018. This is equal to
19-32% of sediment input from the main feeding river, suggesting
the remaining 68-81% is not captured and buried by the subma-
rine channel system. Alternatively, the budget analysis shows that
the lobe has grown by a volume equal to that of the estimated
sediment input from the rivers. If we then assume that most of
the missing volume in the sediment budget is stored as thin de-
posits on the overbanks and in the distal lobe, this mass balance
indictes the system is approximately in equilibrium over decadal
timescales.

6.4. Testing the three generalised models of sediment transport through
submarine channels

We now test three fundamental models for how sediment
is carried into the deep-sea, and how flow frequency-magnitude
changes with distance (Fig. 2). First, we consider data from this
uniquely detailed study of Bute Inlet, which spans an 11 yr pe-
riod. We then discuss less detailed datasets on flow magnitude-
frequency from other submarine flow systems, to consider pro-
cesses that act over even longer (than decadal) timescales.

Observations of sediment transport through the submarine
channel-lobe system in Bute Inlet differ in various respects from
the ‘ignition-autosuspension-deposition’ model and the ‘fill-and-
flush model’, while having many similarities with the ‘shuffle-
and-flush’ model. Our results from Bute Inlet differ from the
‘ignition-autosuspension-deposition’ model, primarily as turbidity
currents occur without catastrophic external triggers, which has
also been observed in other systems (Bailey et al., 2021; Hage
et al,, 2019). Furthermore, the ‘ignition-autosuspension-deposition’
model suggests that turbidity currents typically flow through the
entire length of a submarine channel system. However, our results
from Bute Inlet, and other recent studies, show that turbidity cur-
rents often do not reach the lobe, with turbidity current frequency
decreasing with distance along the system (Heerema et al., 2020;
Stacey et al., 2019). Lastly, the ‘ignition-autosuspension-deposition’
model suggests turbidity currents flow in a state of autosuspension
through large parts of channels, with no net erosion or deposi-
tion (Stevenson et al., 2015). Our data from Bute Inlet show that
turbidity currents interact strongly with local features, such as
knickpoints, creating locally-variable erosion and deposition. Tur-
bidity currents are thus not in some state of equilibrium over long
distances, nor over small timescales.

The ‘fill-and-flush’ model suggested a bimodal flow distribu-
tion; however, our results from Bute Inlet show a range of runout
distances, which has also been shown in other systems (Heerema
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et al,, 2020; Stacey et al., 2019). Although we observe some flush-
ing events in Bute Inlet, these are not necessarily triggered by large
external events, and may instead be internally generated, via pro-
cesses that are as yet poorly understood.

Our observations from Bute Inlet show most agreement with
the modified ‘shuffle-and-flush’ model (Fig. 2¢; Paull et al., 2005).
A full spectrum of flow runout lengths from proximal to distal
continuously reworks and transports sediment along the length
of the channel system. This preconditions the system for flows to
ignite, and transport sediment to the lobe. We provide the first
observations of how the upstream-migration of knickpoints can be
an important process for transfer sediment along the submarine
channel in a ‘shuffle-and-flush’ type model (Fig. 2c). We recog-
nise, however, that other systems can have different morphologies
and may thus be dominated by other processes, such as lateral
migration of channel bends, localised damming by delta or chan-
nel flank collapses, and that combinations of these processes and
model types may and can exist (e.g. Sylvester et al., 2011; Corella
et al,, 2016; Covault et al., 2019; Vendettuoli et al., 2019; Tek et
al., 2021). Regardless, we suggest knickpoints can play a key, but
previously overlooked, role in step-wise sediment transfer in many
submarine channels given their growing recognition from seafloor
surveys worldwide (e.g. Paull et al, 2011; Heijnen et al., 2020;
Guiastrennec-Faugas et al., 2021).

6.5. Sediment transport over longer timescales and comparison to other
submarine fan systems

It is important to note that the recurrence time of turbidity
currents can be shorter in Bute Inlet compared to other active
deep-sea submarine channel systems (e.g. Sequeiros et al., 2019;
Bailey et al., 2021). Therefore, other factors may affect the tempo
of sediment transport to the deep-sea over longer periods for such
systems. For example, flushing events that build the lobe in Bute
Inlet likely have a recurrence of approximately 5-10 yrs, but flush-
ing flows can be much larger and less frequent in other systems,
sometimes with recurrences of tens to thousands of years. This
may potentially result from distinctly different triggers that in-
clude major external events such as earthquakes (Allin et al., 2016;
Jobe et al,, 2018; Mountjoy et al, 2018). However, major river-
fed deep-sea systems such as the Congo Canyon have been shown
to feature a comparable recurrence (Azpiroz-Zabala et al., 2017).
Furthermore, as many deep-sea channels also contain evidence
for a range of variable runout flows, we suggest the ‘shuffle-and-
flush’ model could also hold for such systems, albeit potentially on
longer timescales (Allin et al., 2016; Jobe et al., 2018).

On even longer timescales (>1000s yr), major system-modifying
events may occur, affecting larger spatial scales than those of
crescentic bedforms and knickpoints. Such larger-scale and less-
frequent events include channel avulsions, landslide damming,
outburst-floods, or glacially-driven sea-level cycles that may move
river mouths closer to canyon heads, cut off or re-divert sediment
supply, or otherwise strongly affect the transfer of sediment to the
deep-sea (Jobe et al., 2015; Picot et al., 2019; Piret et al., 2022).
There may be significant processes that are not captured in our
11 yr study of Bute Inlet, which could be fundamentally important
controls elsewhere. To test the wider applicability of the ‘shuffle-
and-flush’ type model will require acquisition of additional longer
time series, such as have been acquired for rivers (e.g. Biedenharn
et al,, 2000; Paszkowski et al., 2021). While time-lapse surveys in
subaqueous systems have been rare, a growing number of datasets
exist, and it is hoped this study will motivate longer term monitor-
ing of other submarine channel systems (Smith et al., 2007; Silva
et al., 2019; Guiastrennec-Faugas et al., 2021).
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6.6. Bypass in submarine channels

Our observations from Bute Inlet provide a new explanation for
sediment bypass that may occur in many other submarine chan-
nels. Bypass is commonly used as a spatial term, referring to areas
where erosion and deposition are in balance. However, bypass is
also used to describe a single turbidity current, that is neither ero-
sive nor depositional at a certain location along a submarine chan-
nel system (i.e. ‘bypassing flow’; Stevenson et al., 2015). The mi-
gration rates of knickpoints in Bute Inlet ensure that total removal
of previously accumulated channel fill can occur within decadal
timescales, resulting locally in net zero accumulation (Fig. 3c; 4;
Supplementary material). However, the timescale of surveys is too
short to observe whether erosion and deposition associated with
entire upstream-migrating knickpoint-zones can balance, and re-
sult in larger bypass zones over longer time scale. Estimations
of erosion and deposition rates associated with knickpoint-zones
2 and 3 (Fig. 3c) show that erosion and deposition are balanced
around knickpoint-zone 3, whilst the erosion exceeded the depo-
sition around knickpoint-zone 2, although still in the same order
of magnitude (Supplementary material). This suggests erosion and
deposition related to upstream-migrating knickpoints can generate
bypass, and bypassing flows or large flushing flows are thus not
always required to generate bypass in submarine channels. This
knickpoint-related mechanism differs fundamentally from how by-
pass is generated in the ‘ignition-autosuspension-depositional’ and
‘fill-and-flush’ models (Stevenson et al., 2015). Successive auto-
genic migration cycles of knickpoints may be responsible for re-
peated cut and fill cycles commonly observed in exhumed an-
cient submarine channels, without a need to invoke externally-
controlled variations in sediment supply (Guiastrennec-Faugas et
al,, 2021; Hubbard et al., 2020).

6.7. Broader implications of progressive sediment transport

Here we briefly discuss the implications of our findings for sig-
nal preservation and stratigraphic completeness in the resulting
deposits, burial of particles, and geohazard assessment. Deep-sea
channel-lobe deposits may provide a record of past turbidity cur-
rent activity, and hence, events that triggered them (e.g. floods,
earthquakes; St.-Onge et al., 2004; Masson et al., 2011). We find
that only 2% of flows reach the lobe, and that lobe deposits do
not provide a complete archive of turbidity current activity in the
channel, which may originate via (as yet) poorly understood inter-
nal, rather than external, mechanisms. The stratigraphic complete-
ness of prodelta channels dominated by upstream migrating cres-
centic bedforms, similar to the Homathko and Southgate Prodeltas,
has been shown to be low (<11% in one year; Vendettuoli et
al., 2019). Based on erosion and aggradation rates in Bute Inlet,
we conclude that stratigraphic completeness is even lower (1-5%;
Supplementary material) over decadal to centurial timescales in
the well-developed submarine channel due to upstream migration
of knickpoints. This low stratigraphic completeness, which results
from stepwise shuffling of sediment down the channel, has impor-
tant implications for the burial of organic carbon and ultimate fate
of pollutants. Modern submarine channel deposits are hotspots for
organic carbon and pollutant accumulation (Azaroff et al., 2020;
Baudin et al., 2010; Hage et al., 2020; Pierdomenico et al., 2020).
However, we show that these deposits can be re-excavated sev-
eral times before final burial. The typical pathway of a particle
starts with initial deposition in the upstream part of the system
by a small flow (Fig. 6¢). Particles can be reworked multiple times
in the proximal part of the system by frequent small flows, be-
fore re-excavation by a bigger flow that deposits this sediment
within a depositional zone between knickpoint-zones. Particles are
then re-excavated through headward erosion of knickpoint-zones,
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and deposited in one of the depositional zones downstream of
the knickpoint. Particles remain here until re-excavated by flush-
ing events, such as the lobe-building events that occurred be-
tween 2010 and 2015. Longer term burial outside of the lobe may
also occur on the overbanks, terraces, prodelta, or as part of the
small fraction of sediment that is not re-excavated by successive
upstream-migrating knickpoints (Vendettuoli et al., 2019).

Our findings have two main implications for geohazards that
threaten seafloor infrastructure. First, flow monitoring in Bute Inlet,
and in other systems, shows that turbidity currents are more fre-
quent in the proximal part of submarine channel systems than in
the distal part. Seabed cables or pipelines will be much more likely
to experience impacts during their 20-30 yr design life where
they cross these proximal sections (Heerema et al., 2020; Stacey
et al., 2019). However, flows can ignite and become more power-
ful as they travel down submarine channels (Heerema et al., 2020;
Heezen and Ewing, 1952); hence, risk assessment for infrastruc-
ture laid across more distal reaches needs to weigh exposure to
low-likelihood, but potentially high magnitude flows. Second, in
addition to the direct impact of flows on a structure, knickpoint
migration can excavate tens of metres of sediment, leaving seafloor
infrastructure unsupported. Routing should avoid active submarine
canyons and channels where possible; however, the scale of many
deep-sea systems may preclude this. In such cases, areas upstream
of knickpoint heads should be avoided by cable or pipeline cross-
ings to minimise the risk of such undermining and generation of
free-spans.

7. Conclusions

This study investigated the spatial and temporal patterns of
sediment transport and magnitude-frequency-distance relation-
ships of turbidity currents from source to sink in a submarine
channel system, integrating repeat mapping and direct monitor-
ing data. In contrast to previous models, we find that sediment
is transported towards the lobe in multiple instances, by turbid-
ity currents with variable runout lengths. Most flows do not reach
the lobe, but rework and shuffle sediment further down the chan-
nel. Episodic large events then flush the channel and ultimately
transport sediment onto the lobe. These flushing events can occur
without obvious triggers, and may be internally generated. Lobe
deposition appears to approximately balance sediment delivery by
rivers into the system in Bute Inlet. However, if erosion within the
channel is also taken into account, there appears to be a net deficit
of sediment mass, which is most likely explained by uncertainties
in repeat seafloor mapping. Our observations also illustrate how
sediment bypass can occur in submarine channels. We show that
repeated deposition and erosion generated by upstream-migrating
knickpoints can balance, thus resulting in sediment bypass on
decadal time-scales, without the need for sediment bypass by in-
dividual flows. The high amount of reworking, and the relatively
low number of flows, reaching the lobe holds important impli-
cations for organic carbon and pollutants, which may undergo
several stages of burial and re-excavation before reaching their
final burial site. It is hoped that this study stimulates long-term
repeat timelapse surveys in other submarine channels to under-
stand the applicability of this new ‘shuffle-and-flush’ model, and
better constrain the fluxes of sediment, carbon and pollutants to
the deep sea. We suggest that the progressive shuffling of sediment
to the lobe may be a common signature in many other submarine
channels worldwide.

Data availability

Discharge data for the Homathko River are available from
https://wateroffice.ec.gc.ca; station 08GD004. The timings of mea-
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sured turbidity currents and their runout are included as supple-
mentary material. Multibeam bathymetric data are held by the
Geological Survey of Canada and Canadian Hydrographic Survey
and are available from the corresponding author upon reasonable
request.
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