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Abstract

Submarine channels are key features for the transport of flow and nutrients into
deep water. Previous studies of their morphology and channel evolution have
treated these systems as abiotic, and therefore assume that physical processes are
solely responsible for morphological development. Here, a unique dataset is uti-
lised that includes spatial measurements around a channel bend that hosts active
sediment gravity flows. The data include flow velocity and density, alongside bed
grain size and channel-floor benthic macrofauna. Analysis of these parameters
demonstrate that while physical processes control the broadest scale variations
in sedimentation around and across the channel, benthic biology plays a criti-
cal role in stabilising sediment and trapping fines. This leads to much broader
mixed grain sizes than would be expected from purely abiotic sedimentation, and
the maintenance of sediment beds in positions where all the sediment should
be actively migrating. Given that previous work has also shown that submarine
channels can be biological hotspots, then the present study suggests that benthic
biology probably plays a key role in channel morphology and evolution, and that
these need to be considered both in the modern and when considering examples
preserved in the rock record.
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1 | INTRODUCTION

Submarine channels are distinctive large-scale sea
floor features that funnel globally important volumes
of sediment hundreds of kilometres from the shallow
continental shelves into the deep sea (Khripounoff
et al., 2003; Peakall & Sumner, 2015). These systems
generally evolve from V-shaped canyons incised on the
continental shelf (Kuenen, 1953; Wynn et al., 2007;
Harris & Whiteway, 2011) to U-shaped channels with
overbank deposits (Walker & Mutti, 1973; Clark &
Pickering, 1996). Within submarine channels, sed-
iments, nutrients and pollutants are transported
by avalanche-like submarine density flows (Talling
et al., 2013; Kane & Clare, 2019). Indeed, the presence
of nutrients within sediment gravity flows can result
in submarine channels being biodiversity hot spots for
benthic organisms (Griggs et al., 1969; Olu et al., 2017)
that form ecological niches (Sen et al., 2017) associated
with the specific morphology of the channel (Pozzato
et al., 2017; Sen et al., 2017). This handful of studies on
biodiversity in submarine channels is in keeping with
knowledge of biodiversity hotspots in the far better
studied submarine canyons (Stefanescu et al., 1994; Gili
et al., 1999; Paradis et al., 2017).

Submarine channels are typically sinuous (Babonneau
et al., 2010), particularly in low latitudes (Peakall
et al., 2012). Previous studies have investigated: how bends
affect the velocity and density structure of submarine
density flows (Kassem & Imran, 2004; Dorrell et al., 2013;
Sumner et al., 2014; Azpiroz-Zabala et al., 2017a); the
link between sediment distribution and bend geomor-
phology (Kane et al., 2008; Amos et al., 2010; Fernandes
et al., 2020); and the relationship between bends and
the distribution of organisms (Pozzato et al., 2017; Sen
et al.,, 2017). However, each of these aspects has been
looked at in isolation, and most of the field studies have
only measured individual points or transects rather than
spatial patterns around a bend (exceptions for flow are:
Wei et al., 2013; Sumner et al., 2014). Therefore, no study
has investigated the coupling between sediment distribu-
tion and flow or examined what role biology may play in
influencing sedimentation in submarine channel bends.
Consequently, the working assumptions when looking at
submarine channel deposits in the rock record are that: (i)
flow patterns exclusively drive sedimentation patterns in
bends; and (ii) in terms of processes, bends are essentially
abiotic.

Here, these gaps in our understanding of subma-
rine channel bends and long-standing assumptions are
addressed using a unique dataset that includes mea-
surements of the three-dimensional dynamics of a
channelised sea floor sediment gravity flow, along with

sea floor samples that document the spatial distribu-
tion of sediment characteristics and benthic organisms.
Feedbacks between flow dynamics, sediment distribu-
tion and biological organisms are then investigated in
the broader context of the bend-scale geomorphology.
Based on this analysis, the present paradigm that the role
of benthic biology in submarine bends is inconsequential
and can be ignored is challenged.

2 | STUDY AREA AND PREVIOUS
WORK

The study area is located on the shallow Black Sea shelf,
to the north of the Strait of Bosphorus, which connects the
Black Sea to the Marmara Sea (Figure 1). The salinity of
the Mediterranean water is ca 12 to 16 psu (practical salin-
ity units) higher than the Black Sea water. This difference
in salinity results in a sea floor density current compris-
ing Mediterranean water that enters the Black Sea (Flood
et al., 2009). The study area contains a channel that has
most probably hosted sea floor density flows for the past
ca 8cal kyr, following a robust connection between the
Mediterranean Sea and the Black Sea through the Strait
of Bosphorus (Aksu & Hiscott, 2022). The study area has
water depths ranging from 40 to 85 m, while the channel it-
self is ca 35 m deep with widths of between 400 and 725 m.
Within the channel, the sea floor density current achieves
speeds of up to 1.2m/s and is quasi-continuous, with ex-
ceptions on daily to interannual timescales (Unliilata
et al., 1990; Gregg & Ozsoy, 1999; Gregg et al., 1999; Ozsoy
et al., 2001). This flow speed is sufficient to transport sea
floor sediment as bedload and to develop the channel sys-
tem, which displays coarse-grained bedforms in the chan-
nel and fine-grained sediment waves on the overbanks
(Figure 1; Flood et al., 2009).

The study area includes a channel bend that turns
counter-clockwise towards the west (Figure 1). This bend
is approximately 5km to the north of the mouth of the
Strait of Bosphorus and is 70 to 80 m water depth. Previous
studies have surveyed the area to analyse the links be-
tween the saline density flow and the sedimentary struc-
tures in the area (Flood et al., 2009; Hiscott et al., 2013).
Flood et al. (2009) identified local lateral accretion of bars
within the channel bend and other sedimentary products
and related them to the flow. Hiscott et al. (2013) linked
the proposed overspill of the saline flow to sediment
waves in overbank regions of the study area and also in-
terpreted seismic data to propose that at the exit of the
channel bend, the sea floor comprises bedrock, which
probably limits bend erosion and may influence chan-
nel geomorphology. Parsons et al. (2010) and Sumner
et al. (2013) also studied this saline flow as an analogue to
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FIGURE 1 Study area. (A) Location of the Strait of Bosphorus
in relation to the Black Sea and Marmara Sea. The red square
indicates the location of the zoomed-in area in panel B. (B)
Location of the submarine bend downstream of the Strait of
Bosphorus. (C) Bathymetry of the submarine bend, also showing
the locations of the nine transects (T1-T9) used in the analysis.
Black dots and numbers indicate the position of the grab sample
stations. Cross-channel profiles of each transect are shown on the
left of the bend.

turbidity currents; the excess density of this saline density
current (ca 10-15kg/m?) is comparable to the density con-
trast of some sediment-laden turbidity currents (Pirmez
& Imran, 2003; Konsoer et al., 2013; Azpiroz-Zabala
et al., 2017b; Simmons et al., 2020). Parsons et al. (2010)
and Sumner et al. (2013) compared the dynamics of the
saline flow and rivers, and concluded that radial forces
within the flow might be key to determine the direction of
the cross-channel velocity component of the saline flow.
Previous studies have also identified hydraulic jumps just
upstream from the bend (Figure 1); these hydraulic jumps
disrupt the flow velocity structure, but the flow stabilises
before entering the bend studied here (Sumner et al., 2013;
Dorrell et al., 2016).

3 | METHODS

3.1 | Data collection

Data were collected during two oceanographic field sea-
sons, with cruises on board the RV Koca Piri Reis in 2010,
and a combined campaign with the RV Pelagia and RV
Bilim in 2013. In 2010, 35 sediment grab samples were col-
lected on the 19th and 22nd of May from stations located
on the channel thalweg and overbank area (Figure 1). The
shipboard descriptions included information about the
organisms (alive or fragmented) present in the samples.
In 2013, bathymetry data, flow measurements and con-
ductivity temperature depth (CTD) probes were collected
from the 28th of June to the 1st of July.

Bathymetric data were collected by a hull-mounted
EM302 multibeam echosounder operated at 30kHz to
survey the sea floor, and a Reson SeaBat 7125 system used
a 200/400kHz frequency, which was on an over-the-side
pole mount. Vessel position and motion data were cap-
tured with an Applanix POS-MV system 320.

Flow velocity was measured using a 600kHz acoustic
Doppler current profiler (ADCP) mounted on the Autosub3
autonomous underwater vehicle (AUV). The ADCP recorded
the velocity of the channelised flow along nine cross-stream
transects (T1-T9) aligned perpendicular to, and distributed
around, the submarine channel bend (Figures 2, 3 and 4).
Each of the nine cross-stream transects was surveyed between
two and four times to enable reduction of the measurement
scatter from one transect survey and to obtain quantitative
details of the flow structure (Szupiany et al., 2007; Parsons
et al., 2013). The ADCP bin size was set at 1 m, and the instru-
ment was flown between ca 10and 40m above the channel
floor, which resulted in the loss of the measurements imme-
diately, 1 to 3m above the sea floor, due to sea floor acoustic
reflection (see Supplementary Information).

The CTD data were collected every 0.25s over transects
T2 through T9. The CTDs on T7 and T8 were surveyed sev-
eral times (in several days), while the CTDs on the rest of
the transects were collected only once.

3.2 | Data processing

3.2.1 | Processing of sediment samples

Grab sediment samples were successfully collected at 35
stations. Most stations were located in close proximity to
one of the cross-channel transects (Figure 1). When sam-
ple stations were not located on transects, samples were
assumed to have been collected from the nearest point lo-
cated on a transect (maximum distance from station 59 in
the bend channel to the transect is ca 200 m; see Figure 5).
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FIGURE 2 Downstream velocity measurements collected by the ADCP over transects T1-T9. Red lines indicate the zero downstream
velocity that separates the body of the saline flow from the ambient fluid. Note that the high velocity cores occupy the near-bed (ca 10m
above the bed) zone in transects T1 and T3-T5, but the high velocity core then thins and elevates in transects T6-T9. The flow velocity
structure is disturbed in transect T2, which is located immediately downstream of the hydraulic jump area shown in Figure 1. All views

show flow into the page; velocity scale in m/s with red/orange colours showing downstream flow and blue colours upstream-directed flow.

The grain-size analysis included both biotic (compris-
ing any macrofauna within shells as well as shell frag-
ments) and abiotic components, following previous work
on modern mixed siliciclastic-carbonate systems (Halfar
et al., 2004; Brandon & Civitelli, 2007). The sediment sam-
ples were processed at the University of Southampton via
wet-sieving at half-phi intervals from 11,200 pm down to
63 pm, with the remainder <63 pm recorded. The size dis-
tribution of the finest (<63 pm) fractions was determined
using a Micromeritics Saturn DigiSizer II digital particle
size analyser, but solely utilised here to confirm that clay
is present within the samples. The size of the sediment
grains ranged from medium sand to clay, and the sample
content was categorised as one of these three main frac-
tions: gravel, sand and mud. Clay content was included
within the mud fraction. Additionally, d,,, d5, and d,, were
obtained using GRADISTAT software, and grain-size dis-
tribution curves were drawn for each sample based on the
sieved sample data (Figure S1).

3.2.2 | Processing of multibeam data

Multibeam data were processed using CARIS HIPS 8.2.
The collected data were subjected to POS-MV PosPac cor-
rection using local GPS beacon data to derive a processed

positional solution with a 3D accuracy of 0.06 m, which was
also used for vertical tidal corrections. The line data were
sound corrected using profiles obtained across the survey
areas, including those taken along the transects. Finally,
the 3D point clouds were manually filtered to remove spu-
rious mid-water and side lobe interference soundings, re-
sulting in the removal of 1.8% of the data points. The final
point cloud data were binned into 10xX10m and 2X2m
grids based on the resolution of the data collected by the
EM302 multibeam echosounder and the Reson SeaBat
7125 system, respectively, with the range resolution of the
EM302 echosounder being 0.14m and the range resolu-
tion of the Reson SeaBat 7125 being 0.01 cm.

3.2.3 | Processing of flow velocity data
The ADCP data were processed using the following steps
implemented in Matlab®:

1. Interpolation of datasets recorded at different time in-
tervals onto a common time interval.

2. Interpolation of bottom track velocity, where data are
missing.

3. Removal of AUV velocity component from the ADCP
velocity measurements.
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FIGURE 4 Flow density contours superimposed on downstream velocity. The date of CTD acquisition is shown on each panel. The

locations of each transect are indicated in Figure 1. All views show flow into the page.

10.

11.

. Correction of the ADCP deployment setting of East
and North velocities relative to the AUV coordinate
system (North was originally set as perpendicular to
the AUV direction and East as parallel to the AUV
direction).

. Rotation of resultant flow velocities from a coordinate
system relative to the AUV to a global coordinate system.

. Calculation of the depth of each measurement using

the height that the AUV was flying above the sea floor
and the depth of the AUV beneath the sea surface.

. Calculation of average straight-line plane (Parsons
et al., 2013) for transects T1-T9 that were each sur-
veyed several times (Figure 1).

. Projection of measurements collected along irregular
AUV tracks onto straight-line planes defined in step 7
(Parsons et al. 2013).

. Interpolation of results on straight-line planes to ob-

tain equally spaced flow measurements.

Arrangement of results in terms of UTM Easting coor-

dinate for transects T1-T9.

Location of the top of the saline flow at each transect

where the velocity perpendicular to the transect is

zero (Figure 2).

12.

13.

14.

Extraction of the saline flow velocities parallel and
perpendicular to the transects T1-T9.

Calculation of the ADCP side lobe interference area
(SLIA) from the measured elevation of the ADCP over
the seabed and the 20° ADCP beam angle to the verti-
cal (Figure S2).

Substitution of measurements of velocities in ADCP
SLIA with linearly interpolated values to zero at bed
level.

These steps then provide 3D velocity data along nine

cross-channel transects.

33 |

Two-dimensional and 3D

representations of flow velocity

The north, east and vertical components of the measured
velocities calculated in processing step five define the 3D
flow velocity. The secondary flow for each transect was
calculated. Effectively, secondary flow is a 2D representa-
tion of the across channel portion of the 3D flow field. The
calculation of this enables the results to be compared with
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FIGURE 5 Near-bed flow velocities in relation to bed material
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at a height of 3m over the sea floor (Z/H~0.1). Black numbers
represent grab sample station.

other studies that did not measure the full 3D flow field.
There are three methods that can be used to calculate sec-
ondary flow according to how the primary flow direction
is defined. (1) ‘cross-channel’, in which the primary flow
is assumed to be parallel to the channel orientation (called
‘Cross’ in Figure 3); (2) ‘Rozovskii’, in which the primary
flow is determined as the dominant mean flow within each
individual velocity profile (called ‘Rozov’ in Figure 3); and
(3) zero net flow in the cross-stream section or ‘zero net
flow’, in which the primary flow is taken in such a way
that it aligns with the dominant mean flow of the whole
transect (called ‘Zero’ in Figure 3; see the Supplementary
Information section for further explanation).

3.4 | Near-bed flow velocity

Near-bed flow velocity in this work corresponds to the
3D flow velocity at a height of 3m above the base of the

measured velocity depth profile, that is 0.1 to 0.2 of the
total flow depth. Measurements below 3m of height are
recorded by the ADCP but were contaminated in some
profiles by sea floor acoustic interference. As 3m is the
common height for all profiles where non-contaminated
records were collected, any measurement below that depth
has not been considered (see Supplementary Information,
Figure 5 and S2). In order to correlate the near-bed flow
velocities to the grab samples and due to the spatial reso-
lution in data collection being different, the closest 100
flow velocity measurements to each grab sample were av-
eraged, which represents a horizontal distance of ca 16 m.

3.5 | Shear velocity (u*)

The shear velocity at each measured depth was calculated
following the law of the wall that assumes that the shear ve-
locity relates to the gradient of the logarithmic vertical pro-
file of the flow velocity. The law of the wall is expressed as:

u_1,(%
ur Kln<20> W

Here, u is the velocity at an elevation z over the seabed,
k is von Karman's constant (assumed here to take a value
of 0.405) and z; is the height at which u is zero.

Using the least squares regression method by Yu and
Tan (2006), u* was calculated as:

* n Y wlng, — ¥ u; 3 Ing;

ut=x D @
n Y In’z — (X Ing)

where n is the number of data points used for the least
squares regression, with a minimum of three points below
the peak flow velocity height (n is between 19 and 30 depend-
ing on the station) used in the computations. This restriction
implies that u* was only calculated for vertical profiles of
flow velocity with at least three measurements between the
maximum flow velocity and the first measurement above the
acoustically contaminated side lobe interference area (SLIA),
the size of which varies among different velocity profiles

(Supplementary information; Figures 6 and S2).

Each sediment sample was associated with an average
shear velocity, calculated by taking the average of the clos-
est 100 shear velocity measurements to the sample station
(100 profiles cover ca 16m of transect). This averaged
shear velocity was used to estimate the potential for sed-
iment mobilisation using a mobility diagram (de Leeuw
et al., 2016) that compares the Reynolds particle number
Re, (ratio between inertial and gravitational forces over
sediment grains) and the Shields parameter 7 (ratio be-
tween frictional and gravity forces).
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3.51 |

Processing of density data

The CTD measurements were processed according to the

following procedure:

1. Application of the UNESCO, 1983 methodology to obtain
flow density profiles from the conductivity, temperature
and depth CTD measurements (UNESCO, 1983).

2. CTD profileswere collected at several stations along cross-
stream transects T2-T9 (Figure 1). Data at the same depth

3. Arrangement of results in terms of Easting.

4. CTD profiles collected along transects T7 and T8 were
collected on different days. The above procedure was
followed for the measurements collected on each day.

4 | RESULTS

In this section, the saline density current flow is first char-
acterised in terms of its flow density and velocity in order to
estimate how the flow transports sediment as bedload and

u,?

vertical fluid forces on particle

between stations were linearly interpolated in Matlab®.
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controls sea floor sediment distribution around the bend.
For this reason, the near-bed part of the flow and the sedi-
ment fractions collected in the grab samples are described.
Then, the biological content of the samples is described,
and sediment mobility in relation to calculated flow shear
velocities is analysed. Finally, a summary and integration
of the results in each section are provided.

4.1 | Flow characterisation

The density structure of the saline flow is similar in all
transects apart from T2, which is affected by hydraulic
jumps (Figure 4). The maximum and minimum density
values of the saline density flow are 1027 and 1016 g/L,
respectively. The maximum density gradient within the
same cross-section occurs at the bend apex (T7). There,
the minimum vertical distance between the maximum
and minimum density values (ca 3m) is found in the
inner part of the bend (Figure 4). The minimum density
gradient occurs ca 4 km upstream of the bend (at transect
T3), where the vertical distance between isopycnals 1027
and 1016 g/L reaches ca 10m. The flow is not strongly
stratified, although the densest fluid visibly accumulates
in the inner bend (Figure 4), as previously observed in
other saline flows, downstream of transect T5 (Sumner
et al., 2014). The collection of multiple CTD casts on dif-
ferent days in transects T7 and T8 enables the analysis of
density variability on different days. In transect T7, the
1024 g/L isopycnal rises 5m between the 28th and the 30th
June, although the density at the sea floor of 1027 g/L re-
mains constant (Figure 4). A similar ca 1027 g/L density
is observed on the 30th June at the sea floor in the inner
bend of transect T8. This value decreases to 1025g/L by
the 2nd July (Figure 3). The density fields are coupled to
the velocity field, with each feeding back into the other
(Sumner et al., 2013; Wells & Dorrell, 2021).

The ADCP data reveal that the downstream flow has
velocities of up to 1.5m/s in the proximal transects of the
submarine channel system (T1-T7) overlain by the am-
bient fluid of the Black Sea that moves in the opposite di-
rection with velocities of up to 0.5m/s (Figures 1 and 4).
Across-stream flow velocities vary from maximum values of
ca 0.4 to 0.1m/s, depending on the method of calculation
(Figure 3). The calculation of the 2D cross-stream flow using
the ‘cross-channel’, ‘Rozovskii’ and ‘zero net flow’ methods
show large differences (Figures 3 and S3). These differences
support previous work on helical flow around bends that
highlight the importance of characterising the flow in 3D
rather than 2D (Dorrell et al., 2013: Sumner et al., 2013;
Peakall & Sumner, 2015; Azpiroz-Zabala et al., 2017a).

The direction and magnitude of the near-bed flow in-
fluence sea floor sediment transport and, hence, sediment

distribution around the bend. In proximal transects of
the channel (T1-T3), this flow structure changes in both
magnitude and direction either at or downstream of the
hydraulic jumps identified in the channel bend (Figure 5).
Upstream of the bend apex (transects T4-T7), near-bed ve-
locity vectors (3 m above the base; ca 10% of the flow depth)
show similar magnitudes among transects and within
the same transect, where velocity maintains a relatively
uniform direction across the whole cross-section of the
channel. In these transects, velocity vectors are strongly
outwardly directed (towards outer bank) with velocities
of up to ca 0.7m/s (Figure 5). Downstream of the bend
apex (transects T8 and T9), near-bed velocity vectors show
reduced magnitudes (up to ca 0.3m/s) compared to veloc-
ity vectors upstream of the bend apex. In these transects,
velocity also remains uniform within the channel bend,
displaying an outward direction (Figure 5). Upstream-
directed low near-bed flow velocities (ca 0.1 m/s) were
measured in the inner bend of both T8 and T9 transects
(Figure 5).

4.2 | Geomorphology and sediment
distribution

Two sediment bars are recognisable on the inner and outer
banks of the channel bend (Figures 1 and 7; Animation S1).
An inner bank bar is located just downstream of the bend
apex, whereas an outer-bank bar is located at the exit of the
outer bend. An additional sedimentary deposit that forms
a nested mound (as defined in Phillips, 1987) occurs up-
stream of the bend apex on the outer bank of transect T7.

Analysis of the sediment samples within the chan-
nel shows that coarse sediment (ds,>100pm) is the
most abundant sediment type in the proximal transects
(upstream of the bend apex), whereas fine sediment
(dsp <100 um) dominates transects located further down-
stream (Figures 5, 6 and S1).

On a broad scale, sediment type (i.e. gravel, sand and
mud) correlates with near-bed flow velocity. Thus, larger
sediment sizes occur where near-bed velocities are higher
(Figure 5). However, Figure 6 shows a decoupling between
measured median grain size (ds,) and the flow shear ve-
locity, which mainly oscillates between 0.04 and 0.2m/s
over the whole range of median grain sizes (Figure 6).
When plotted on a sediment mobility diagram (Figure 6),
sediment at all sample sites (characterised by ds;) should
be mobile as either bedload or suspension load.

The grain size shows a broad distribution in the sam-
ples collected around the bend. The highest size frequency
found in each sample corresponds to values that oscillate
from <63 to 11,200 pm (Figure S1). Some samples (espe-
cially muddy samples downstream of the bend apex) show
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Animation S1.

good sorting, with 60 to 80% of the sediment composed
of the same grain-size category. Approximately half of the
samples contain sediment with two dominant grain sizes
(over 15% for each size). In most of these cases, the dom-
inant grain sizes are <63pm and 300 to 600 pm, and the
samples were mainly collected from the overbanks and
downstream of the hydraulic jumps (Figure S1). Samples
upstream of the bend apex generally show a wide range of
sediment grain-size distribution (Figure S1).

4.3 | Benthic fauna distribution

All but two sediment grab samples were dominated by life
(Figure 6). Two groups of animals were predominant in
these grab sediment samples: hard-bodied molluscs and
soft-bodied organisms living in tubes, of which two species

were found. One of the tube-living species was identified as
haploops (a type of tube-living amphipod), while the second
species could not be characterised (Figure 8). The high den-
sity of molluscs was indicated by large amounts of sampled
bivalve shells, both complete and fragmented. In the case
of the tube-living organisms, their high population density
(pervasive throughout the sample beds) was evident by the
abundant mineral tubes in the samples, which might be
formed by secretions from the animals (Figure 8). Overall,
samples collected in areas upstream of the bend apex (T3,
T5 and T7), in which gravel and sands were predominantly
found, were rich in hard bivalve shells. In contrast, samples
from transects at the bend exit, which were basically muddy
samples, mainly contained tubes from soft-bodied organ-
isms. The bend apex represented a biological transitional
zone. Here, hard-bodied and soft-bodied animals locally co-
habited at both the inner and outer bends (Figure 8). Beyond
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»Other tube worms' 4

FIGURE 8 Distribution of (A) shells from molluscs, (B) unidentified organisms living in tubes and (C) organisms living in tubes
identified as haploops in the study area. The numbers indicate the grab sample station. (D)-(G) Photographs of sediment grabs. (D) and
(E) are hard-bodied organisms. (F) Soft-bodied organisms not identified. (G) Soft-bodied organisms identified as haploops. Samples from
stations in (A) are shown in (D) and (E), samples from stations in (B) are shown in (F) and samples from stations in (C) are shown in (G).

the bend apex, co-habitation was also observed, but inner
bank areas were dominated by haploops and other tube-
living organisms, while overbank areas on the outer bend
were characterised by molluscs.

4.4 | Summary

As a summary of key results:
 There is good spatial agreement between near-bed flow

velocity and broad measures of sediment type, that is
mud, sand and gravel (Figure 5).

« Despite these broad trends in sediment type, there is not
an obvious correlation between near-bed flow velocity/
bed shear stress and the median (ds,) grain size.

« The distribution of different organisms within the chan-
nel appears to correlate with the distribution of differ-
ent sediment types.

The agreement between near-bed flow, broad sed-
iment type and organism distribution, and the lack of
correlation between flow velocity and absolute sediment
size (ds,) suggests that sediment distribution around this
bend does not depend exclusively on the velocity of the
saline density flow. Other factors, such as geomorphology,
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sediment availability and the distribution of the benthic
fauna itself, may play important roles in the sea floor sed-
iment distribution.

5 | DISCUSSION

5.1 | Feedbacks among spatial
sediment distribution, flow dynamics,
geomorphology and benthic biology

First, the feedbacks between the saline flow dynamics
around the submarine bend and sediment transport are
discussed. Specifically, the near-bed flow is focussed on
and related to the sea floor sediment distribution around
the channel bend.

Flows around channel bends have a helical structure,
which influences how sediment is transported and depos-
ited by the flow (Dorrell et al., 2013; Sumner et al., 2013).
There has been much controversy in recent years regard-
ing the structure of density flows as they travel around
channel bends (Bolla Pittaluga & Imran, 2014; Peakall
et al., 2014). Much of the controversy about flow structure
has resulted from viewing velocity in 2D cross-sections
of 3D flows (Figure S2; Dorrell et al., 2013; Sumner
et al., 2013; Peakall & Sumner, 2015; Azpiroz-Zabala
et al., 2017a). For completeness and to allow comparison
with other studies, these calculated secondary flow fields
are shown in the results section (Figure 3). However, this
study focusses on how sediment is moved around the
channel sea floor by the flow as bedload. Therefore, in
the remainder of this paper, directly measured 3D near-
bed velocities are used (Figure 5) rather than calculated
2D cross-section flow velocities (Figure 3) to explain
the channel sediment distribution. Then the feedbacks
among sediment type and size, near-bed flow velocity,
geomorphology and benthic biology are considered to un-
derstand their relative importance.

5.1.1 | Flow velocity, sediment type and
geomorphology

There is good spatial agreement between near-bed flow
velocity and sediment type, that is gravel, sand and mud
(Figure 5). At the bend apex, near-bed flow velocity vectors
are outwardly directed revealing the near-bed flow is pushing
sediment towards the outer bank to form the observed coarse
sediment outer-bank bar and associated overbank sediment
waves reflecting overspill (Figure 5; Hiscott et al., 2013).
At the inner bank, there is a low-velocity zone with some
evidence for flow separation indicated by upstream-directed
near-bed flow velocity vectors (transects T8-T9); this zone

correlates with fine sediment deposits (Figure 5). Within
the channel, there is a nested mound that appears to result
from the reworking of an outer bank wall collapse (Figure 7,
Animation S1). The bars and nested mound modify the
cross-section channel area, which in turn impacts the near-
bed flow velocity distribution (Figure 7). Thus, the flow is
partly steered by the bars and also accelerates and deceler-
ates in response to changes in local gradient and confine-
ment caused by the bars. The overall geomorphology of this
channel, with bars on both the inner and outer bends, is
different from rivers that typically display a well-developed
point bar at the inner bank and erosion at the outer bank of
the bend (Kolla et al., 2007).

5.1.2 | Flow velocity and sediment size
(dso) and distribution

Despite the flow being responsible for sediment trans-
port, there is no obvious correlation between near-bed
flow velocity (as represented by the bed shear velocity)
and median (ds,) grain size (Figure 6B). Furthermore,
based on the Shields's diagram, at the calculated shear ve-
locities, the measured bed-material sediment sizes should
all be moving rather than being dominantly associated
with stable substrates covered in biological organisms
(Figure 6A). The Shields diagram does not incorporate
the full grain-size distribution, being restricted to the me-
dian (ds,) diameter. However, the effects of polydispersiv-
ity are unlikely to change this prediction that bed material
should be moving, with the possible exception of the two
samples closest to the Shields curve (Figure 6B; Dorrell
et al., 2018). Several physical mechanisms may partly
explain the observed relationship. The larger grains may
form an armouring layer, and thus the d5, may be a poor
reflection of this coarser bed layer (Ockelford et al., 2020).
However, the sediment grain-size distributions are very
broad, including high particle contents in the silts and
finer classes (Figure S1), suggesting the particles have not
accumulated via progressive armouring. This was also
reflected in the grab samples, which visually had a high
proportion of fines in the top layers. The aforementioned
wide sediment grain distributions within samples could,
however, be a control, with the high fines content indi-
cating poor sorting and the probable presence of cohesive
material alongside the non-cohesive sediment (Figures 5
and S1).

The inability of this flow to segregate sands and larger
from finer silts and clays is a key difference from typi-
cal rivers, which act as effective size segregators (Frey
et al., 2020). Two factors might explain this inefficient
cohesivity segregation. First, salinity can play a complex
role in clay rheology and cohesion, and might increase
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clay shear strength relative to clay in fresh water (Mietta
et al., 2009). Second, biological activity and material such
as extracellular polymeric substances (EPS), that trap and
bind sediment grains are known to increase sediment
cohesivity and sea floor stability (Murray et al., 2002;
Malarkey et al., 2015; Craig et al., 2019). In particular,
EPS acts to bind sediment together and counteract grain-
size segregation (Malarkey et al., 2015). Furthermore, at
the salinity levels observed in the present flow, EPS is
shown to be a far more effective binding agent relative to
clay in sand-rich sediments (Parsons et al., 2016).

The above feedbacks among flow dynamics, sediment
type, geomorphology and benthic fauna suggest that
near-bed flow is a primary control on sediment type, but
it fails to explain the at-a-point distributions of sediment
grain size and the limited nature of grain-size segregation.
The ubiquitous presence of organisms and their products
might therefore have feedback on the ability of the flow to
move sediment around the bend.

5.1.3 | Benthic biology and sediment type
Organisms occupy different areas of the channel accord-
ing to the sea floor sediment type, which is itself a func-
tion of flow velocity (Figure 8). Studies in the area have
suggested this flow velocity is quasi-steady, which may
explain the high density of organisms of a few species
found in the channel (Connell, 1978). As noted above,
benthic biology might have an important influence
on sediment mobility by sediment trapping, binding,
sediment cohesion and overall stabilisation of the sea
floor (Murray et al., 2002; Tolhurst et al., 2002; Craig
et al., 2019). This influence could well promote the ob-
served broad sediment grain distribution and the lack of
segregation of cohesive and non-cohesive sediment on
the channel sea floor.

Recent papers have demonstrated that biological ma-
terials (e.g. EPS) can have a profound influence on sea
floor sediment characteristics such as strength, rough-
ness and porosity (Figure 8; Malarkey et al., 2015; Craig
et al., 2019). This influence could vary significantly by
system according to the organisms present. Organisms
on the top layer of the sea floor may also physically pro-
tect sediment from suspension, representing a biological
shield to flow (Murray et al., 2002), influence small-scale
seabed roughness or generate low-velocity (<10cm/s) si-
phonal currents with consequent impacts on the near-bed
flow (Monismith et al., 1990). However, these small-scale
effects are not considered in this study because any asso-
ciated small-scale bedforms that result from such inter-
actions are below the resolution of the bathymetric data
used here (Malarkey et al., 2015).

In summary, the flow drives sediment transport and
deposition, which in turn dictates the distribution of
different organisms. However, sediment transport also
causes changes to the morphology of the channel, that is
the presence of bars within the channel. These morpho-
logical features, in turn, locally steer the flow and influ-
ence flow velocity. All these aspects are in keeping with
a physically driven link between flow processes and sedi-
mentation. However, the overall stability of the sediment
bed is a function of the colonising biology, as, otherwise
based purely on physical processes, the bed is predicted
to be fully mobile. This biologically-induced stability is
reflected in the sediment distributions, which are very
broad and contain a high percentage of fines (<63 pm).
This points to a close coupling of the benthic organisms
and the sea floor sediments; molluscs are located in
coarser-grained higher velocity sections, while the tube-
living organisms establish themselves in finer-grained
lower velocity zones. However, in both cases, they then
produce feedback, acting to help protect the surface and
to trap and bind finer-grained sediments. This coupling
between sediment colonising fauna and the sediment
will in turn greatly affect the ability of the flow to erode
and transport sediment, probably accounting for the par-
adoxical relationship between the comparative sediment
stability observed herein and the predicted bed mobility
based solely on flow process estimates.

5.2 | Application to deep-sea
submarine channels

The present study has examined the role of benthic bi-
ology on subaqueous channel sedimentary processes in
shallow depths (70-80 m). However, subaqueous chan-
nels are known to be hotspots for benthic fauna at far
greater depths; examples include the Cascadia Channel
at ca 3km depth (Griggs et al., 1969) and the Congo
Channel at ca 4 to 5km depth (Olu et al., 2017; Pozzato
et al., 2017; Sen et al., 2017). Furthermore, subaqueous
channels can be found in even the deepest parts of the
ocean (McArthur & Tek, 2021). The nature of the ben-
thic biology is known to change with depth (Watling
et al., 2013), although there has been no study that
has examined this specifically for submarine channels.
Consequently, given the dearth of knowledge on the na-
ture of benthic communities within deep-sea channels,
it is hard to extrapolate the present results to deepwater.
The present study, rather, demonstrates the principle
that benthic organisms can be important controls on
channel sedimentation, and given the known impor-
tance of deep-sea channels as biological hotspots, it is to
be expected that this extends to deepwater systems. The
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hope is that the present work will focus attention on the
role of biotic controls on submarine channels, and that
future work will examine the question of how such pro-
cesses change as a function of water depth, alongside a
range of other potential controls.

53 | Implications for interpreting the
geological record

In this work, a modern system has been studied in order
to understand the relationship between near-bed flow
and sediment distribution in a sea floor channel bend and
the influence of other often disregarded factors, such as
benthic biology. An important application of this work is
achieving better interpretations of palaeoflow character-
istics from channel bend deposits preserved in the geo-
logical record. Studies of channel bends in the geological
record have tended to focus on sediment grain sizes and
small-scale sedimentary structures alone to infer flow
character and velocity (Pyles et al., 2012; Jobe et al., 2016).
An important result in this study is that while there is
correlation between near-bed flow velocity and sediment
type (gravel, sand and mud), there is poor correlation be-
tween near-bed flow velocity and grain size (e.g. ds;). Two
reasons for this have been proposed. First, the presence
of organisms, many of which will not be preserved in the
geological record, can increase the stability and cohesivity
of sea floor fine sediments. Second, there is added stability
due to the mixed cohesive/non-cohesive sediments found
on the sea floor as opposed to the single grain sizes used to
create sediment mobility diagrams.

Evidence of biology (e.g. trace fossils) can be found in
ancient channels (Cummings & Hodgson, 2011; Mangano
et al., 2016). However, this record might be preservation-
biased towards either hard-bodied organisms or certain
types of soft-bodied organisms, rather than say the tube-
living organisms in this study. As yet, the influence of life
in ancient submarine channels has not been considered
when interpreting ancient flow characteristics. This study
highlights the need not only to develop interdisciplinary
studies (such as sedimentology, flow dynamics and ben-
thic biology) in modern and ancient systems but also to
investigate variations in biological abundance in different
submarine channel systems and through time in response
to evolution and mass extinctions.

6 | CONCLUSIONS

This study shows, using a unique dataset that looks
at spatial variations in physical and biological param-
eters around a bend, that biota can play a major role in

sedimentation within submarine channels and that, in
turn, this will influence channel morphology and evolu-
tion. While little work has been undertaken on submarine
channel benthic biology, they are known to be biological
hotspots, and therefore it is to be expected that in active
systems, submarine channel deposits will be widely af-
fected by biota. It is therefore argued that the current as-
sumption that submarine channels are essentially abiotic,
controlled by purely physical processes, is incorrect.
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